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HURRICANE CLIMATOLOGY FOR THE ATLANTIC AND GULF COASTS
OF THE UNITED STATES B

Franeis P. Ho, James C. 5u, Karen L. Hanevich,
Rebecca J, Smith and Frank Richards

Water Management Information Division
Office of Hydrology
National Weather Service
National Qceanic and Atmospheric Administration

ABSTRACT A climatology of hurricane factors important
to storm—surge modeling {is presented for the Atlantic
and Gulf coasts of the United States. A smoothed
frequency of hurricanes and tropical storms entering,
exiting, and passing within 150 omi of the coast
during the period 1871-1984 1is given. The central
pressure and radius of maximum winds for hurticanes
occurring during the 85-year period, 1900-84, were
obtained from analysis of available hurricane data.
Direction and speed of storm motion for hurricanes and
tropical storms at the time they crossed the coast
were also analyzed for the same 85-year period. The
cumulative probability curves of each factor were
plotted and analyzed for each 530-nmi interval along
the coast. Salected prohability levels of each
distribution were summarized, and smoothed variations
along the coast were obtalned. Statistical
independence of hurricane parameters has also been
axamined and interrelations of central pressure and
radius of maximum winds investigated.

l« TINTRODUCTION
11 Anthorizatiom

The National Flood Insurance Act of 1968, Title XITI, Public Law 90-448,
enacted August 1, 1968, authorized and provides for a National Flood Insurance
Program to insure residences and small businesses against hazard of damage or
destruction by flood. The Federal Insurance Administration (FIA), a part of the
Federal Emergency Management Agency (FEMA), 1s the executive agenecy for the
National Flood Insurance Program. In July 1982, a Joint Technical Assistance
Work Plan was signed between FEMA and the National Oceanlec and Atmospheric
Administration (¥OAA). The plan, among other things, allows for the National
Weather Service (NWS), NCAA, to provide technical support to FEMA upon request,
Authorization for this particular study 1s Project No. 53967 under agreement
No. EMW-84-E~1589 between the FIA, FEMA and the NWS, NOAA, dated March 15, 1984
and duly signed April 25, 1984, :




1.2 Purpose

The Federal Insurance Administration, FEMA, requested the NWS, NOAA, to develop
a comprehensive and authoritative set of hurricane climatological statistics for
the Atlantie and Gulf Coasts of the United States. These statistiecs are
prerequisites in tidal flood-frequency analyses which are essential to establish
flood insurance criteria for a given community. Coastal tidal inundations on the
Gulf and Atlantic «coasts of the United States are primarily caused by
hurricanes. Therefore, the characteristics of these storms are the beginning
point in making tidal flood-frequency analyses. The present study 1is a
climatological assessment of the central pressure, radius of maximum winds, and
other characteristics of hurricanes along the U.S. Atlantic and Gulf ceoasts in a
manner suitable for determining the frequency of storm surge levels. It includes
only the atmospheric characteristics of hurricanes and does not include surge
levels that are the subject of other reports.

The present astudy is an update and revision of an earlier study published as
NOAA Technical Report NWS-15 (Ho et al 1975), which will hereafter be referred to
as TR 135, TR 15 presented a climatology of hurricane parameters important to
storm=surge modeling along the U.S. Gulf and Atlantic Coasts. This climatology
was an analysis of available hurricane data, with storm tracks from 1871 through
1973, and also included data for other meteorological variables since 1900,
TR 15 included the cumulative probability distributions of each hurricane factor
analyzed at SO~omi intervals along the coast, and smoothed variations of each
factor at selected probability levels along the coast were presented. A smoothed
frequency of tropical storms and hurricanes entering and exiting the coast as
well as rhose storms passing within 150 nmi of the coast was also given in
TR 15. The question of joint probability among the various factors was discussed
qualitatively, but formal statistical tests were not considered in TR 15,

The MNational Research Council of the WNational Academy of Sciences {(NAS)
reported on an evaluation of the FEMA Model for estimating potential coastal
flooding from hurricanes (National Academy of Sciences 1983). This NAS report
concluded that the basic approach used by FEMA is sound and appropriate for
estimasting 100=-yr flood elevations in communities where savere flooding is caused
by hurricane storm surges. However, the Advisory Committee of the NAS made
several recommendations regarding the way in which coastal flood studies are
conducted. The committee recommended, among other things, that the selection of
storm samples and the adoption of appropriate interdependency assumptions should
be carried out 1im a centralized way by an organization with the necessary
expertise in hurricane climatology. The committee concluded that inter-
dependencies among storm parameters, particularly among storm intensity, size,
and direction, should be determined by that organization on a regional basis and
an appropriate method for handling these interdependencies when applying the
probability procedure to coastal flood elevations should be developed.

1.3 Scope of Report

The geographical region covered by the report is the U.5. Gulf and Atlantic
coasts from Texas to Maine (fig. 1). The first objective was to define, clima-
tologically, the frequency of hurricanes and tropical storms influencing each
coastal segment. This was done for three classes of storms —— those entering the
coast from the sea (entering or landfalling), those having entered the.ccast and
then proceeding from land to sea (exiting), and those moving parallel to the
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coast, with the center remaining at sea, but within 150 nmi of the point under
consideration (alongshore or bypassing). These freguencies are presented in
Chapter 6.

The second objective was to develop cumulative probability distributions for
four hurricane parameters: (1) central pressure (P ), an index of storm inten-
sity, (2) the radius of maximum winds (R), an index of storm size, (3) forward
speed of the storm (T), and (4) direction of storm motion (8). Each of these
factors influences the capability of the storm to produce storm tides. Chapter 2
discusses in detail the data sources and analyses from which the hurricane
characteristics were obtained. Probsbility distributions and their along-coast
variations for each parameter are presented in Chapters 7 through 9 of this
repart, :

The statistical independence of thurricane parameters 1is considered in
Chapter 3. The homogeneity of each parameter along the Gulf and Atlantic coasts
was tested separately. Interrelations between pairs of parameters have been
examined im Chapter 3. Non-linear rTelations between central pressure (P ) and
radius of maximum winds (R) are discassed both dynamically and statistically in
Chapter 4. For this purpose, the data base for P_ and R was extended to include
extreme hurricanes in the Caribbean and the Gulf of Mexico. Chapter 5 considers
other conditional probability dquestions that are important to the currently used
joint probability approach for tide-frequency analysis.

Chapter 10 examines changes in the wind and pressure fields due to the filling
of hurricanes overland. Finally, Chapter Ll discusses application of the results
of this study to flood insurance studies.

1.4 Relation to Flood Insurance Studies

Meteorological parameters PO, R, ® and T can be used together with other
conditions as input to storm—surge models. Other conditions include houndary
conditions such as bathymetry, orientation of the coastline, etc. A storm-surge
model can he used to compute the surge heights at the ceast, The storm surge
generated by a hurricane is the increase of the sea water gurface alevation due
to two physical processes. One process is the water surface elevation increase
in the core region of a hurricane where the atmospheric pressure igs extremely

"low. This is the so—called "inverse barometer effect.” The other process is the

convergence of the sea water, driven by the surface wind from rhe deeper ocean to
the shallewer cecastal regions. This 1is related to surface wind stress and
bathymetrv. The atmospheric pressure gradient ia a hurricane is the difference
between the central pressure and a peripheral pressure. The surface wind stress
in a2 hurricane is parameterized on the basis of the wind field near the water
surface. Using appropriate metecrological assumptions, a wind field can be
derived from knowledge of the pressure gradient, the radius of maximum wind
speed, and the forward direction and speed of the hirricane.

The joint probability approach, as currently used in storm-surge frequency
studies, assumes that each meteorological parameter uged as 1input to Cthe
hydrodynamical model is independent. Development of storm—surge probabilities
involves making computations for a range of meteorological parametets. The
probability of occurrence of a gZiven simulation is assumed to be the product of
the probabilities represented by each input {meteorological) parameter. However,
if the meteorclogical parameters are interrelated, a simple product of the
individual probabilities 1is not appropriate. Hence, the need to evaluate the




possibility of interdependence among the factors that are the focus of this
study. With this specific applicatfion in mind, there were a number of decisions
made during the course of our analysis that ensured that the results would be
tailored to the needs of the hydrodynamic modeling application. Some examples
include the selection of the radius of maximum winds at the time of minirmum
pressure, and .the assumption that the parameters represented steady-state
storms. But these decisions also mean that the “climatology” described in this
report may not be appropriate for otber more gemeral meteorological applications.

1.5 Previons Studies
One of the first systematic compilations of the characteristics of hurricanes

affecting the United States coast was Tropical Cyelones (Cline 1926). Table 1 in
Hydremeteorological Report No. 32 {(Myers 1954) provided the first compilation of

all hurricane central pressures and radii of maximum winds from 1900 to 1949.
The National Hurricane Research Project Report NWo. 33 (Graham and Nunn 1959),
hereafter referred to as NHRP 33, updated Myers' 1list and systematized the
geographical distribution of the Ffactors. Technical Paper WNo. 33 {(Cry 1965)
described all the hurricane tracks from 1871 to 1963, and cited the earlier works

of this kind. HUR 7-97, Interim Report — Meteorological Characteristics of the

Probable WMaximum Hurricane, Atlantic and Gulf Coasts of the United States

(Weather Bureau 1968) updated and revised the data in NHRP 33 and gave the

geographiecal distribution of the characteristics of hypothetical hurricanes that
had combinations of factors that made them the most severe hurricanes that can
probably ocecur at a particular coastal location. NOAA Technical Report NWS 23

{Schwerdt, et al 1979) revised and updated the previous studies on meteorological

criteria for engineering design hurricanes. Neumann et al. (198]) extended the
period covered in Cry's hurricane tracks and prepared revised tracks where
additional data indicated that they were necessary. This provided a firm
climatological base describing tropical cyclones on the synoptic scale.

2. DATA T
2.1 Introduction

Observations from hurricanes accurring near the United States Gulf and Atlantic
caasts were used in this study to determine probability distributions of wvarious
parameters. Data presented in this chapter are used in later chapters of this
report. 1f additional data were required for a specific purpose, it is discussed
in the chapter where required.

The amount of observed data avallable from past hurricanes varies greatly and
almost all of it required further analysis and interpretation before it could he
of use for storm—surge computation. The amount of data available for any single
storm also varies during different portions of the storm's life, from various
geographic regions, and from different sections of the hurricane. These data are
subject to numerous uncertainties in interpretation. We have attempted to bring
this information together to make a comprehensive analysis, to develop accurate
storm tracks from which speed and direction of storm motion are determined and to
present an authoritative determination of central pressures and radius of maximum-
winds. Examples of detailed meteorological analyses are given in Appendix A.




Tables 1 through 3, for hurricanes during the years 1900-84, list most of the
information used throughout this report. Parameter values in the tables are given
for storms with P, less than or equal to 982 wmb (29%9.00 in.) occurring within
150 nmi of the Gulf and Atlantic coasts. The data are our update, revision and
extansion of Tables ! and 2 in TR 13. There were a few changes made to the
previously published data. In particular, to &ddress the question of
interdependence among parameters, available data were reviewed ro ascertain their
time of occurrence and to provide concurrent values of Po and B where necessary.

Tables 1 through 3 give the date at which a hurricane entered, exited or came
closest to the coast. The point along the coast where the hurricane parameters
may be applied is indicated in the tables as the coastal referemce point. The
tables list parameters for the 85-yr period, 1900-84., The year 1900 was chosen
to initiate estimation.of the parameters by weighing the inaccuracies that would
result from the sparse data of earlier years against the desirability of a longer
period. Zach of the P and R values listed in the rtables is followed by a
‘superscript letter or letters that refer to a legend at the end of the tables
giving the source of the data value. The storm direction, measured from the
north, denotes the track direction from which the hurricane crossed or bypassed
the coaste.

Tables 1 and 2 list a storm twice only if it crosses the coastline s second
rime {or if a bypassing storm makes another approach to the coast) after it has
 traveled a distance of 400 nmi (500 nmi along the Gulf Coast). An exception to
this is Hurricane David: it was listed twice within 400 omi, but only the second
entry was Included in the statistical computations discussed below. These dupli-
cate storms are identified by a section mark (§) in the two tables. Hurricanes
whose centers. passed through the Florida Keys are listed in both the Gulf and
Atlantic coast tables for the convenience of the user. The information on
hurricanes which crossed the Florida Keys and eventually entered the wast coast
of Tloridas (within 500 nmi of its initial crossing), are listed separately in
Table 3A.

If a hurricane crossed the coast on one side of the Florida peninsula, with a
P lags than or equal to 982 mb (29.00 in.) aund weakened in intensity to
Po greater than 982 mb when it was more than 50 nmi from the opposite coast, it
was listed for only the initial coastline it crossed {table 1 or 2). Thase
exiting storms, still of hurricane intensity at, or within 50 nmi of, the coast
of exit, are included in Tables ! and 2. ‘Hurricanes which entered the Florida
coasts and moved northward over land maintaining hurricane intensity within
50 nmi of the opposite coast are listed separately in Table 3B. They may he
considered as bypassing hurricanes moving inland parallel to the coast.

2.2 Sources of Data

Original sources of hurricane data are barograph traces from land stations and
ships, wind records from NWS and military stations, aircraft reconnaissance
flight data, radar data, satellite data, miscellaneous pressure and wind reports
and textual descriptions in the scientifie literature. These descriptions have
appeared in the Monthly Weather Review (published sinee June 1872),
Climatological Data, National Summary (sinmce 1950), National Hurricane Research
Project Report No. 39 (Graham and Hudson 1960), UWOAA Technical Memorandum
NWS SR-56 (Sugg et al. 1971), the book Tropical Cyclones (Cline 192 6), and a few
other sources (e.g., data sources listed in append. A).

[}



Table 1.--Horricanes with central pressure £ 982 mb (29.00 in.) ranked in chronological ocder From 1900-84,

Guif Coast United States

See legend at ecnd of Tahle 3

Approx.1 # P :
* coastal Storm r, value P P, was R R wag T - Landfall
Nate ref. dir. {mb} (in.) applied to (mB) observed (nmi)  observed (kn) point Remarks
" Sepr. 9, 1300 378 130° 936.0 27.642'  coast  964.4 Galveston, TX 14? 10 29.1°N 95.1°W
Aug. 15, 1901 713 195° 972.6 28,724 coast 992.6 Mobile, AL 332 14 30.4°N 8B.8°uW
June 17, 1906 1398 185°  979.0 28.11P" 24.7°N 997.6 Jupiter, FL 264 10 25.1°N BL.0°W
' Bl .0"W
Sepc. 27, 1906 779 160°  965.1 28.50%7  ceast  965.1  S§S Winona 430 Mobile, AW f6  30.4°N 88.7°W SS Wilnona in eye
: of gtorm while
anchored off
Scranton, MS
Oct. 18, 1906 1405 270° 966.8 28,55 coast 966.8 Navy tug near 163 16 24,9°N BL.0°W
Dry Tortugas,
FL
July 21, 1909 360 115¢ 9s8.7  2u.11Y coast  982.1 Bay City, TX 198 12 28.9°N 95.3°W
Sept. 20, 1909 657 150° 965.1 28,500 cosgr  9BY.8 New Orleans, L& 282 11 20.1°N 90.2°W
Decr. 14, 1909 1415 by  235°  957.0 28.265  24.7°N 957.0  Kalghts Key, FL 22" Key West, FL 0 -
81.0°W
Gee. V7, 1910 - 200° 9&1.& 17,804 24.4°N  941.4 58 Jean 284 1t - 55 Jean in eye of
82.7°w storm at 24.4°N
g2.7°y
Aug. 1Y, 1915 370 130° 956.5 28.01% coast  952.9 Velasco, TX 29%  Houston, TX 11 29.0°K 95.2°W
Sept. 29, 1913 671 170° 932.3 27,539 27.0%N  935.0 HMS Hermione 26Y  New Orleans, LA 1D 29.2°N 90.0°W HMS Hermione exper—
. 89.3°W and other statloos ienced some eye

effecta at an unkinown
distance from the
point of minfimum
pressure



Table |.—-luarrlcanes with central pressure < 982 mb (29.00 In.) ranked In chronological order from 1900-84. Gulf Coast United Stares {(continued)

Approx.1 4 P,
. croastal Storm B, value L P, was R R was T Landfall
Date ref. dir. (mb} (in.) applied to (mb) observed (nmi) ohserved {(kn) point Remarks
July 5, 1916 805 160" 950.2 26,062 coast  961.0 Fort Morgan, AL 262 25 30.4°N 88.3°W
Aug. 18, 1916 184 tis° 948.2 28:00¢ coast  948.2 Santa Gertrudis, 252 D! 26.8°N 97.4°0
TX
Oct. 18, 196 842 220° 973.9 28.76% coast  973.9 Fensacola, FL tgb Pensacola, FL 21 30.3°N 87.5°W
Sept. 29, 1917 886 230° 964.4 28.488° coast 965.5 Pensacola, FL 33b Pensacola, FL 13 30.4°N 86.7°W
Sept. 10, 1919 - 110° g29.2 27.44%9"  25.6°N 929.2 See remarks 158 - 8 - Lowest pressure ob-
B2.9°W tained from mean of 2
ships (Lake Winocna,
Fred W. Weller) and
Dry Tortugas, FL
bt § s a' a o a
Sept. 14, 1919 207 105 950.0 28.05 cnast 947.9 Part Aransas, 35 20 27.2°N 97.3°W
TX
Sepc. 21, 1920 630 155°  979.7 28.93%  coast 981.7  Houms, LA 288 28 29.2°N 90.6°W
June 22, 1921 309 175" 951.9 28.17B'  coasc  994.6 Houston, TX 174 | 28.5°N 96.2°W
Ocr. 25, 1921 1201 235" 960.0 28.12° coast 952.3 Tarpon Springs, 182 14 27.9°N 82.8°w
FL :
Oct. 20, 1924 - 220° 971.9 28.70%" 24.6°N - See remarks 194 8 - Parameters obtafned by
42.9°w ) fnterpolatlon between
55 Toledo {off western
end of Cuba} and
Miaml, FL and applied
~ to the vicinlty of Dry
Tortugaa, FL
1 o
Aug. 26, 1926 626 igo° 958.7 28.31%¢.  coast  958.7 Houma, LA 272 10 29,1°N 90.8°%

. See lepend at end of Table 3



Table }.—Hurricanes with central pressure < 582 wb (29.00 i1a.) ranked in chronologlcal order fcom 1900-B4., Gulf Coast Uolted States (continued)

Approx.T ' # P
. coastal Storm PG valie P B, was R R was T Landfall
Date ref. dir. {mh) (in.) applied to (mg} ohserved (nmi) observed (kn) point Reuarks
Sept. 18. 1926 1306 ex 125°  950.0 26.05% 26.4°N 950.0  Punta Rassa, FL 242 17 -
81.9°W
Sept. 20, 1926 842 140° 955.0 28.20°" coast  9535.0 Perdido 17 Pensacola, FL ? 30.3°N 87.5°W
Beach, Al
Ocr. 21, 1926 1451 by  220°  931.9 27.523°  23.9°N 987.5  Key West, FL 238 16 -
' 80.4°w
June 28, 1929 296 130° 969.2 28.623' coask 986.1 Port 0'Connor, 138 15 28.3°N 96.4°W
TX

Sepe. 28, 1929 1445 100°  948.2 28.00%"  coast 948.2  Key Largo, FL 283 10 25.0°N 80.5°W 28.18 in. recorded
at Long Key, FL

Aug. 14, 1932 378 135° 942 .4 2?.83C' coast 942 .4 E. Columbia, TX 122 15 29.1°N 95.1°W 5SS Nicarao recarded

g
' lowest pressurg of

27.82 1in. near
29.0°N 94.8°W at
01307

Aug. 5, 1933 109 n7o° 9715.3 28.803‘ coast 981 .4 Brownsville, TX 242 10 25.5N 97.2°W

Sept. 5, 1933 135 090°  948.9 28.023"  coast  950.6 Brownsville, T™X 20P Brownsville, TX = B ~ 26.0°N 97.2°W

June 16, 1934 617 180° 965.8 28.52°" coast  967.8 Jeanette, LA 27b Morgan City, TA 1& 29.2°N 91.0°wW

Sept. 3, 1935 1425 1" 8920 26.35¢"  coast 892.3 Long Key, FL 63 9 24 .8°N BO.B%W

Nov. 5, 1935 1393 ex 065"  977.0 28.85%"  25.2°n 972.9  Miami, FL tobed Mragp, BL 15 -

81.1°W '

See legend at end of Table 3
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Table L.——Hurricanes with cenkral pressure < 382 mh (29.00 in.) raocked In chromological order from 1906-84. GulE Coast Duited States (continued)

Approx.Y #. 3
* coastal Storm P, value P B, was R R was T Landfall
Date ref. dir. (mh) (in.) applied to (mg) observed {oml) observed (kn) point Remarks
July 31, 1936 S04 150° 963.8 28.46%¢"  coast  963.8 Ft. Walton, FL 193% valparatso, ¥L 9 IN.4°N B6.4°W
Aug. B, 1940 462 140" 971.9 28.70°"  coast 971.%  Sabine, TX e 8 29.7°N 93.7°W
Sept. 23, 1941 348 1860°  956.7 28.31%  coast  970.5  Houston, TX 218 13 26.B°N 95.6°W
Oet. 7, 1941 995 170°  981.4 28.983"  coast 982.1  Carrabelle, FL 187D Apalachicola, FL 11 29.B°N 84.7°W
Aug. 30, 1942 309 135°  950,6 28.072  coast  951.6  Seadrift, TX 182 S14 2B.5°N 96.2°W
July 27, 1943 419 110°  974.6 28.78°"  coast 974.6  Elllogton Fleld, 16" Galveston, TX 8  29.5°N 94.6°W
X
Oct. 18, 1944 - 195°  948.9 28.02%  24.6°N 948.9  Dry Tortugas, FL 293 13 -
82.8°W
Aug. 27, 1945 309 185° 967.5 28.57%  coast  967.5 Palacios, TX 182 4 28.5°N 96.2°W
Sept. 15, 1945 1465 130° 951.2 28.09%' coast  951.2 Homestead, FL 124 10 25.3°N 80.3°W Wind record at
’ Miami, FL glves R = 24
at 2300Z-storm center
was 22 mml inland
Sept. 18, 15947 1312 ex 085° 960.0 28.35%  26.3°N 969.5 Captiva, FL 262 7 - lLowest pressure for
81.8° the Gulf coast occur—
' red some 30 nml inland
§Scpt. 19, 1947 Ve 115° 966.5 28,549 coast  967.5 New Orleans WBO, 23 New Qirleans, LA 16 29.6°N 89.5°W
LA
Sept. 21, 1948 - 210°  935.3 27.62%  24,6°N 963.4  Boca Chica 74 8 -
81.7°W Afrpore, FL

See legend at eml of Table 3
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Table l.~Hurricanes with central pressure < 982 mb (29.00 in.) ranked in chronological order from 1900-B4&. Gulf Coast United Statea (continved)

.Apprm(.‘T # P
N coastal Starm PO valua L . P, was R R was T, Landfall .
Date ‘ ref. dir. {mb) (in.) applied to (mg) observed {nmi) observed (kn) polnt Remarks
Oct. 5, 1948 1410 230° 962.7 28.438 24.8°N 975.3 Sambrero Key, FL 13Y sombrero Key, FL 16 24 ,8°N 81.0°W
a1.0% .
Oct. &, 1949 360 190°  963.4 28.45%  cosst  978.0 5 mi SW of 20 Composite of many 11 28.9°N 95.4°W
Freeport, TX Texas stations
Aug. 31, 1950 813 150° 979.3 28.92° caast  979.3 Fr. Morgan, AL 213 23 30,2°N 868.1°W
(Baker)
Sept. 5, 1950 1162 230° 958.3 28.30%"  coast  958.73 Cedar Key, FL 1594 3 28.6°N B2.7°W
(Easy)
Sept. 24, 1956 904 250° $73.9 28.769¢"  coasr  973.9 See remarks 18" Pensacota, FL 10 30.4°N 86.4°W Lowest pressuce
(Flossy) taken from the
Larometer of a dredge
within the eye at
Destin, FL and from a
reconnalssance plane
just off the coast
at Pensacola, FL
June 27, 1957 466 200" 946.5 27.952" coast  958.4 Rackberry, LA 20b Orange, LA 14 29.8°N 93.,6°w
(Audrey) : .
Sepr. 10, 1960 1422 140°  930.0 27.46%'  24.8°N 930.0  Conch Key, FL  18% Near Conch Key, %  24.B°N B0.9°W
(Donna) ‘ . a0.9°W Fl.
Sept. 15, 1960 747 175° 976.0 28.42°' 26.6°N 979.0 Gulfport, M5 224 Recon. 10 30.3°N 89.3°W
(Echel) 89.3°
Sept. 11, 1961 295 £70° 930.9 27.49%"  coast . 930.9 Recan. jobe 6 28.3°N 96.4°W
{Carla)

See legend at end of Table 3




Table E.—Hurricanes with central preasure < 982 mb (29.00 kn.) ranked {n chronological order from 1900-84. Gulf Coast Untted Statea (continued)

Approx.T 14 [
. coastal Storm PD value P ¢, was R R was T LandFalt
Date. ref. dr. {mb)} (in.) applied to (mg) observed (omi)  observed (kn) point Remarks

Ock. 4, 1964 579 175 959.4 28.33P"  coast 961.7  Frankiin, LA 18P¢ Franklin, 14 7 25.5°K 91.5°W

(Hilda)
Oct. 14, 1964 - 220° 964 .1 28.473‘ 26.3°N 0 964.1 Recon. t0® Near 24°N 83°W 15 25.8°N B1.3°W

(Isbell) 82.7°W :
Sept. B, 1965 1445 090° 951.9 28.11¢" coast 952.3 Tavernier, FL 22%%  plangation 11 25.0°N BO.5°W P_ = 947.9 wb

p

(Bersy) Key, FL observed by Recon.

at 25.2°N B2.1°w

§Sept. 10, 1965 664 135° 940,01 27.798"  28.2°N 941.1 Recon. 12Y¢  pore Sulphur, LA 17 29.1°N 90.1°W

(Betsy) 89.2°W at 27.9°N and Recon.

88.8°w

June 8, 1966 . - 200° 970.2 28.65%'  24.6°N 970.2 bry Tortugas, 13%® Dry Tortugas, FL 9 -

(Alma} 82.9° FL Recon.
Oct. 4, 1966 ~ by 065° 977.0 28.85%'  24.1°N 977.0 Recon. 158 Recon. ? - Lowest pressure

(Inez) B4.1°0 135 nml WSW

Key West, FL

Sept. 20, 1967 123 155° 923.1 27.26% 24.8°N 9273.1 Recon. 9%  Recon. 8 25,.8°8 97.2°W P = 939 mb

(Beulah) 96.3°W at landfall
Oct. 19, 1968 1162 235° 977.0 28.852'  coast 977.0 Racon. 17¢ Recon. 10 28.6°N 82.7°%

(Cladys)
Aug. 18, 1969 747 160° 907.9 26.81%'  28.2°N 907.9 Recon. 8PC wear 28°N 89°w 16 30.3°N 89.3°W

{Camille) B88.BW
Aug. 3, 1970 243 115° 944.5 27.89¢' coast  944.5 Ingleside, TX gb Carpus Christi, 14 27.7°N 97.1°W

(Cella} , ’ TX
Sept. 12, 1970 11 100° 966.8 28.55° coast  966.8 Racon. 21% Recon. i 7 23.9°N 97.7°W

P

~(Ella)

See legend at end of Table 3
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table L.—Hurricanes with central pressure < 982 wb (29.00 in.) racked in chronologlcal order from 1900-84.

Gulf Coast Dolted States (coatinued)

(Aticia)

Approx.1
N coasgtal Storm
Date ref. dir. {mb)

Sept. 10, 1971 321 050° . 979.0
{Fern)

Sept. 16, 1971 500 230° 974.0
(Edith)

June 19, 1972 966 195° 978.0
{Agnes)

Sept. 8, 1974 s7s 1554 936.0
(Carmen)

Aug. 3t, 1875 30 116°  963.0
{Carollne)

Sept. 23, 1975 397 195° 355.0
(Eloise)

Sept. 2, 14977 15 060° 926.0
(Anita)

Sept. 12, 1579 BO6 160° 946 .0
(Frederick)

Aug. 10, 1980 151 155° 945.0
{Allen)

Aug. 18, 1983 378 155° 962 .0

# B,
PD value P Pa was R
(in.) applied to (mg) observed (nmi)
38.918'  2B.1°N 979.0  Recon. 128
96.6°W
28,888 coast 978.0 Recon. 15°
28.888"  29.3°K 978.0  Recon. 2pbe
85.8°W
27642 28.0°N 936.0  Recon. e
90.7°%
28.64¢°  coast 963.0  Recon. 15¢
28.20¢'  coasc  955.0  Destia, FL 1abe
27.35¢"  24.2°N 926.0  Recon. 108
97.1%
27.93e. coast 946 .0 Recon. 1€
27.903' coast 9245.0 Recon. 40
18.40%" coast  %62.0 Recon. apbe

R was T Landfall
observed (kn) point Remarks
Recon. 5 28.6°N 96.0°W Alrcraft recon.
- observed lowest
pressure just off
TX coast south of
Matagorda, T¥
Recon. 15 29.7°N 93.0°%W
Recaon. 11 29.9°N 85.4°W
Recon. E] 29.5°N 91.6°W
Recon. 5 24.3°N 37.7°W
Hurlburt 22 30.3°N B6.5°W R > 30 aml near -
Fleld, FL and 2B“N 88°4
Valparalso, FL
Recon. 10 23.9°N 97.7°d
Recon. 11 30.4°8 88.3°J
Recomn. 8 26,2°N 97.2%W
Recon. 7 29.1°H 95.1°W

See legend at end of Table 3
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Table 2.--Hprricanes with central pressure < 982 wb (29.00 in.) Tanked in chronolegical order from 1900-84. East Coast {inited States

Approx.t # P, \
N coastal Storm P, ~valne P P, was R K was T Landfatl
Date ref. dir. {mb) (in.) applied to (mg) observed Cami) observed (kn) point Remarks
Sept. 12, 1903 1510 120" 976.6 28.840" coasl 995.0 Tampa, FL 414 8 26.1°N BD.1°W
Jume 17, 1906 1584 ex  240°  97¢.0 28.9i1®°  27.4°N 997.6  Jupiter, FL 268 12 -
80.1°W
Sept. L7, 1906  20i8 105° 976.6 28.8&3' cnast  999.0 Columbla, SC 30b 16 33.3°N 79.2°W
Oct. 18, 1906 1523 ex 2207 976.6 28841 26.4°N  990.9 Jupiter, FL 358 6 -
80.1°W
Get. 11, 1909 1415 by  235°  957.0 2B.26%"  24.7°N 957.0  Knights Key, FL 22 ey West, FL 10 -
81.0°W
Aug. 28, 1911 1912 100° 9793 28,928  coasc  9B2.7  Savannah, A 27®  Savannah, GA 8 32.2°N 80.6°W
Sept. 3, 1913 2177 115° $75.6 28.810" coast  994.2 Raleigh, NC 181D Hatteras, NC 16 34.8°N 76.4°W
Sept. 10, 1919 - 1ne 929.2 27.44%4"  24.6°N 929.2 See remarks 158 8 - Lowest pressure ob-
82.9°d talned from mean of 2
ships {l.ake Wincna,
Fred W. Weller) and
Dry Tortugas, FL
Oct. 26, 1921 1665 ex  260° 979.0 28,918 28.6°N 960.0 Tarpon Spring TMSG 10 - Lowest preasurc
41.8°w FL, Gulf Coast for the East coast
occurred as the storm
was fllling about
50 net inland from
- the coast
Aug. 26, 1924 2214 by 210°  971.9 28.70%"  35.0°W 975.3  Hatteras, NC 34" Hatrerss, NC 22 -
75.0°W

See tegend at end of Table 3



Table Z.--Hurricanes with cantral pressure < 382 ob (29.00 in.) ronked in chronological order from 1900-84.

East Coast United States (contioued)

Approx. # P
x coastal Storm . LN value L B was 1] R waz T Landfall
Date ref. dir. (mb)  {in.} applied to (wh} observed (nmi)  observed (kn} point Remarks
SAug. 26, 1924 2732 by  220° 960.4 208.36%"  41.1°N 972.2 Nantucker, MA 40 Naarucker, MA 24 - Storm becoming extra-
69.8°W Block Islamd, RI tropical
bee. 2, 1925 2145 220° 90.4  28.958" coast  987.8 Witmington, NC  S4P Wilmington, NC 14 34.9°N 76.3°W WB Techniecal Paper
: No. 55 lmplies that
this storm was be-
coming extratropical
and did not have hur-
ricane~force winds
when it struck the NC
coast
July 28, 1926 1754 is0° 959,7 28.342" coast 975.3 Meriet [sland 14b Jacksonville, ) 29,9°N 8:.3%
FL L
Sepr. 18, 1926 1478 110* 931.0 27.498"  coast  935.0  Misnmi, FL 19 Miami, FL 17 25.6°N 80.3°
Oce. 21, 1926 1451 by 220° 931.9 27.522" 23.9°N 987.5 Key Wesrtr, FL 214 16 -
30.5°%y
Sept. 17, 1928 1542 120" $315,3 27.62¢' coast  935.3 W. Palm Beach, 288 13 26.7°N 80.0°W
Everglades
Draluage Dise. -
OFfice, FL
Sept. 28, 1929 1449 100° 948.2 28.00°  coast  948.2 Key Largo, FL 242 10 25.0°N B0.5°W
Aug. 23, 1933 2272 145°  966.5 28.54°"  coagt  970.5  Cape Henry, VA 39P Norfolk, Cape 18 36.4°N 75.8°W
Hunry, VA
Sept. 4, 1933 1557 120°  947.5 27.98°  coasr  947.5  Jupiter, KL 138 i 26.,9°N 80.1°W
Sept. 6, 1933 220) 220° 956.7 28,25¢' coast 456.7 Hatteras, NC sub Hatteras, NC 9 35.1°N 76.0°W

See legend at end of Table 3
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Table 2.—-Nurricanes with ceatral

pressure < 982 wh (29.00 in.) ranked fn chranological order from 1900-84. Eagt Coast United States {continued)

Apprux.T i Py
N copstal Sctorm P value v, P was R R was T Landfall
Date ref. dir. (mb) (1n.) appliecd te [(mb) observed (nwi) observed (kn) point Remarks
Sept. 3, 1935 L4235 130° 892.3  26.35% coast  #92.3 Long Key, FL 6" 9 24,8°N 80.8°W
Nov. 4, 1935 1491 ae0* 972.9  26.73%"  comst  971.9 Miami, FL 10P¢ Miami, FI 12 25.9°N B0.1°W
Sept. 18, 1936 2151 b 180° 965 .4 24.524" 34.8°N  965.8 See remarks 344 16 - Lowest pressure is
I ' ¥ I
75.2°W mean of 2 ships (E1
Oceldente and Limon)
of f Cape Hatteras, NC
Sepr. 21, 1938 2625 180° 941.0 27.85%" coast 946 .2 Bellport, NY 45" Now Haven, €T 47 40,7°N 72.9°W Storm becoming extra—
Coast Guard Sta. tropfcal
Aug. 11, 1940 19032 1oa® 974 .6 28.78¢" coast 974.6 Savannah, GA 270 Savannah, GA 3 32.1°K 80.8"W
Sept. L4, 1944 2226 by 195* 944.1 27 .888"° 35.2°N 947.2 Hatteras, NG 170 Hatteras, NO 23 -
75.4°Q
§Sept. L5, 1944 2649 220°  955.3 28.21%"  coast  958.7 vr. Judith, RT 297 Fisher Island 30 40L9°N 72.3°W Storm becoming
fr. Judith, L extratropical
Sept. 1%, 1945 1465 130¢ 951.2 28.09¢" coast 951 .2 Homestead, FL 128 10 25.3°H 80.3°0 Wiad record ac
Miami, FL gives R = 24
at 2300Z; storm center
was 22 nml fnland
Sept. 17, 1947 1547 3R0° 046.4 27,963 coast  947.2 Hillsboro, FL 262D Pinecapple 10 26.3°N H0.1°W
Plantatica, FL
Oct. L5, 1947 IER] cRO® 968.2 28,599 coast  973.9 Savannah, GA 138 i7 31.9°N 81.1°W
Sept. 22, 1948 1571 ex 230°  963.4 28.45%°  27.2°N 984.6  Sr. Lucle Lock, 16% 1 -
B0.2%W Fl,

See legend at end of Tahie 3
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Table 2.——Hurricanes with ceatral pressure < 982 mb (29.00 in.} ranked in chromelogical order from 1900-B4. East Coast United States {contloaed)

Approx.T 4 P,
N coastal Storm P, value P P, was R R was T Landfall
Date ref. dirc. {mb) (1n.) applied to (m%) observed {nmni) observed (kn) polnt Remarks
Oct. 6, L9ag 1491 ex  230°  977.0 28.85%  25.9°N 979.3  HMiawi, FL 16® Miami, FL 13 -
80.1°wW
Aug. 24, 1949 2214 by 220° 977.3 28.864" 35.1°N 977.3 pPilamond Shoals 243 22 -
75.2°W Lightship, NC
Aug. 27, 1949 1557 130°  953.6 28.162'  coast 954.0  W. Palm Beach, 23 W. Palw Beach, FL 14  26.9°N 80.0°W
FL

oct. 18, 1950 1507~ 150°  955.0 28.20¢'  coast 955.0  Miami, EL 64 Miami, FL 6  26.1°8 80.1°%
{(King) .

Aug. 30, 1954 2201 by 210°  960.0 28.35%' 33.4°N 960.0°  Recon. 23b snip data 10 -
(Carol) 76.8°W

SAug. 31, 1954 2646 200°  961.1 28.38%  coast 962,64  Suffalk Co. 225 Suffolk Co. 311 40.9°N 72.4°W
{Catol) AFB, NY AVB, NY

Sept. 10, 1954 2212 by 210 943 .1 27.552' 34.0°N 943.1 Recon. MS6G 20 -
(Edna) 75.6°W

§Sept. 11, 1934 2750 210° 947.2 27.978' 39.7°N 947.2 Recaon, 20%  Recon. 44 41.7°8 70.1°W
(Edna) ’ 71.3°W

Qer. 15, 1954 2057 196°  936.7 27.663'  coast 938.0  Tilgham Point, 25U Myrtle Beach, S¢ 26  33.9°N 78.5%W
{Hazel) NC, by Fishing .
' hoat Judy Ninda

Aug. 12, 1955 2187 180° 961.7 28.40%'  coast  961.7 Fort Macon, NC 383%  Cherry Point, NC 7 34.9°N 76.2°W
{Connie) ] (MCAS )

Sept, 19, 19535 2162 175" 960.0 28.35¢" coaast  960.0 Morehead City, 22b Cherry Point, NC 9 34.7°N 76.7°W
{Ione) . NC {MCAS)

See legend at and of Table 3
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Table 2.——Hurricanes with central pressare < 982 mb (29.00 in.) ranked in chronological order From 1900-84.

East Coast United States (continued)

Approx.Jr # P,
. coastal Storm P, value r a Was R R was T Landfall
Date ref. dir. {mb) “(in.} applied to (nb) ohsarved (nmg)  observed (kn) point Remarks

Aug., 28, 1958 2214 by 195° 949.0 28.03%' 35.0°N 949.0 Recon. 18% Near 35°N, 74°w 17 -

(Daisy} 74,3°%W
SAug. 29, 1958 2750 by  240° 979.0 28.91%"  40.9°N 979.0 Recan. 50%. 40.9°N 68.5°W 21 -

(Daisy) 6B.5°W
Sept. 27, 1958 2164 by  240° 932.0 27.52%'  32.7°N  932.0 Recon. 25¢ Recon. 14 -

(Helene) 78.7°w%
Sept. 29. 1959 1915 150° 950.9 '28.08%  coast . 950.9 Recon. 26 peaufort, ¢ 12 32.5°N 80.4%W

(Gracie) (MCAS)
Sept. 10, 1960 1422 170° 930.0 27.46¢' 24.8°N  930.0 Conch Key, FL 18¢  Near Conch 9 24.8°N 80.9°W

{Donna) 80.9°y Key, FL
Sept. t1, 1960 1722 ex 2107 970.0  28.65%° coast  970.4 Orlando, FL 24% Dpatona. Beach, FL 16 29.5N8 BL.i°W

{Ronna)
§Sept 12,-1960 2122 215° 958.0 28.29%"  coast  958.0 Y4 .6°N 267 Cherry Point, NC 26 J4.4°0 17.6°

(Donnal 17.7°% [HCAS)
$sept. 12, 1960 2612 205° 959.0 28.38%"  coast  96l.1 RBrookhaven, NY 48P suffolk Co., NY 32 40.6°N 73.2°W Storm becomlng extra-

{Donna) . AFB troplcal
Sept. 20, 1961 2220 by 180°  948.0 27.99% 35.1°% 948.0  Recon. MsG 14 -

(Eather) 73.3°W
Aug. 27, 1964 1482 160° 267.5 28,57¢ coast 967.5 N. Miami, FL 7be Miami, FL 9 25,74 80.2°W

{Cleo)
Sept. 10, 1964 1756 100°  961.0 28.382"  29.8°N 965.8  St. Augustine, 34 Recon. 7 29.9°N 81.3°%

{(Dora) 80.4°0 FL
Oct. 15, 1984 1557 ex = 225°  977.7 28.87¢" 26.9°N 977.7  Juno Beh., FL 13" W. Palm Beh., FL 17 -

(Ishetl) 80.0°

See lepgend at end of Tahle 3
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Table 2.--lurrlcanes with ceutral pressure < 982 wh (29.000 Ja.) ranke

d lu chronologleal order Frow 1900-84. Enst Goasat Unfred Statea {cout tnued)

Approx.t
* coadtal Scorm
Duke ref. dlr.

Sept. B, 1965 1445 090°
(ﬁatuy)r

Sept. 16, 1967 2278 020°
{Doria)

Sepr. 10, 1969 3080 i95°
(Gerda}

Aug. 9, 1976 2214 by  190°
{Belle)

Saug. 10, 1976 2582 195°
{Belle)

Sept. 3, 1979 k567 I35°
(havid)

$Sept 4, 1979 1857 11 :Tihg
(David)

Sept. I, 1984 2081 by  210°
(Diang)

$Sepc. 13, 1985  208) 100"

{(Mana)

¥ 4
Pn value 3 Pa Wiy it R was T Landfall
{ub) (In.) applied (o (mg) ohserved (uml)  obuerved (ku) polnt Remarks
¥50.9 28,1 coasr  952.3 Taveraler, Fl. 228 Plancacion 11 25.0°N B0.6°W
Kaey, FL
98:.0  26.97%' JB.0°N u81.0 Recon. 20® Near 38%N F4°y 9 16.5°0 75.4°W Lowest pressure
71.9°y . ’ © 150 umi east of
belwarva Peulnsula
979.0 26.91%°  42.1°N 979.0  Hecon. HSG 40 44.6°N 67.3°W
o8.7°w
963.1 28.44¢" 12.5°N 963.1 Recoa. 25%  Recon. 21 -
75.2°
975.0  28.79%"  40.4°N 975.0 Recon. ME Recon. 21 40.6°R 73.5°W P, at laundfall
73.0°% was 982 uh
968,00  2a.59b" coast  971.0 Melbourne, FI,  27PC Yosr Palm 12 27.1°N BO.1°W
’ Beach, FL
968.0 28.590¢"  ount 970.0 Savamuah, 64 10P¢  Recon. amd 1 31.6°N 81.2°%
Savannuah, GA
949.0  28.028"  33.8°N 949.0  Recon. e Recon. 7 -
17.7°4
972.0 28.70e' 33.8°N 972.,0 Hecon, - 16¢  KRecon. 5 33.9°N 78.0°W
: 17.4% :

Sce legend at end of Tabla 3




Table 3.—-Miscellaneous Florida Hurricanes with central pressure < 982 mb (29.00 in.) ranked in chronological order froa 1900-1984

A. Hurricanes striking the West Coast of Florida after passing the Flacida Keys
Approx.t # P .
. coastal Storm Po value P B was R k& was T Landfall
Dare ref. dir. {mh) {In.) apptied to (mﬁ) shserved (nmi) observed {kn) point Remarks
Dcc. 18, 1910 1330 200°  953.3 28,15 coast  980.0  Tampa, FL 324 11 26.0°N 81.7°
Det. 21, 1924 13348 240°  978.3  28.89"  cgast  985.4 Miawl, FL 218 6 25.9°N 8§.7°W
Sept. 30, 1929 966 160 ° 975.3  28.80°"  coast  975.3 Fanama City, FL MSG & 29,9"N 85.4°W Storm becoming
extratroplcal
Sept. 4, 1935 1060 190° 960.0 28,350 coast qu0.0 Egmont Key, FIl, 214 i0 29.9°N 83.7°W
Oct. 19, 1944 262 190° 962.0 28.42¢" coast 962.0 Sarasota, FL 348 14 27.0°N 82.4°W
Sept. 22, 1943 1337 225¢ 950.9 28,080 coast  9062.8 Belleglade, ¥L 162D Clewistown, FL 8 25.9°N 81.7°w
Sepr. 10, 1960 1301 1767 949 .2 28.03el coast 950.0 Naples, FL 11be Fort Myers, FL 9 26.5°0 B1.9°W
(bonna)
Oct. L4, 1964 1350 230¢ 970.0 28.64%" coast 973.6 Evergl ade 10®  Recon. i4 25.8°N B1.4°w
{lsbell) City, FL
June 9, 1966 1026 225° 977.0 28.85°' coast  977.0 Recnn. 20% Recon. 13 30.1°N 84.2°
(Alwa)

See legend at end of Table 3




Table J.—-Miscellaneous Florida Hurricanes with central pressure < 982 mb (29.00 in.) racked in chroanological order from 1900-1984 {continued)
B. Murricanes Over the Florida Peninsula with Central Pressure Heagured 50 nmi Tnland From Coaat

Apprnx.* # P
. coastal Storm PU value 3 Pa was R R was T Landfall
Date ref. dir. (mb) (in.) applied ta (nb) ohserved {nmi) observed (kn) point Remarcks
Sept. 17, 1928 - by 120°  958.3 28,308 50 umi 935.3  West Palm M5G 12 - LowesD pressure
. . inland East Beach, FL occurred 9 pwl W of
: from coast ‘ Avon Park, FL, or
! coast about 50 nmi ESE of
; Tampa Bay, FL
Sepr. 4, 1933 - by 120° 964.4 28,483 50 ami  947.5 Jupiter, FL 2y9b Tampa, FL 11 - Lowest pressure for
inland East the Gulf cosast occur-
from coast ‘ red as the storm was
coast ’ £illing just W of
: Avon Park, FL, ar
50 nmi E-SE of
3 Tampa Bay, FL
i
Aug. 27, 1949 = by 130° 960.7 28.372' 50 nmi  954.0 West Palm 23% west Paln 14 - Lowest pressure
inland East Beach, FL Beach, FL occarred [0 nmi ESE
Erom coast of Lake Placid, FL,
codst or 50 oml RE of
Chavlocte Harbor
(Gulf of Mexlco)
Get. 1B, 1950 - by 150° 978.0 24.884" 50 nmi  955.0 Miami, FL MSG 17 - Lowast pressure
(King) Inland East occurred 12 nmi ESE
Erom coast ’ of Naines City, FL,
coagt | . or 50 awmi ENE of

Tampa Bay, FL

See legend at end of Table 3
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Recon.

General Legend ) Legend ‘ Legend

lowest pressure detected by barometer or dropsonde Source of Radins of Maximuem Winds Data Source of Minimum Central Pressure PData
. \ .
minimum central pressure (for either the Atlantic a - computed from pressure proflle a = computed from pressure profile along
or Gulf Coast) or near coast
" '
radius of maximum winds b ~- observed from wind speed record b - computed from pressure profile and

adjusted to the coast

forward speed of storm c — extracted from Monthly Weather Review ¢ -~ observed by land barometer

1
bypassing storm d - approximation (about 3 or 6 nmi added ¢ - ohserved by shlp barometer
te eye radlus as observed by alrcraft
or radar}
L]
exiting storm i e — alrecraft reconnalssance wind data e - observed by reconnaissance plane
: dropgonde
wlssing

alrcrdaft reconnalssance

* Date applied to approximate coastal reference point in GMT
t Point at which storm entered, exited, or came closest to the ccaqt (sce fig. I)
not given to hurricanes passing the Florida Keys west of 81°
# Lower central preasures at dlatances greater thaam 150 nmi from the coast were not cunlidered
§ Same hurricane as previous line




Tropical c¢yclone track information was used to determine the frequency of
entering, exiting, and alongshore tropical sterms and hurricanes, direction of
forward motlon and in some cases gpeed of motion. Smoothed best tracks have been
given in several NOAA publications and periodicals previously cited. Cry (1965)
combined data from available sources into a comprehensive report showing the most
accurate and consistent " locations of all tropical cyclones for the period
1871-1963, Thege tracks were designed to provide a smoothed track for all
storms. Neumann et al. (198!) have extended the period covered and prepared
" revised tracks where additional data have indicated they were necessary. In
addition, Jarvinenm et. al. (1984) have prepared a computer file of North Atlauntic
tropical cyclones {commonly referred to as the HURDAT tape). This file contains
dates, tracks, windspeeds, and central pressure values (if available) for all
tropical cyclones that occurred during the period 1886-1983. This file is
maintained by the National Hurricane Center (NHC), NOAA, in Miami, Florida and is
updated annually. This data file contains storm positions and wind speed
information at 6-hourly intervals. They . are subject to some degree of
uncertainty, especially for the earlier years. It should be noted that linear
interpolation of the data within 6-hourly intervals could lead to inaccurate
instaneous storm track and wind speed information.

2.3 Hurricane Central Pressure (Po) Data

The most important factor in storm surge modeling is the intensity of the
hurricane, which 1is directly related to its central pressure. Harris (1959)
demonstrated that storm surge height is approximately proportlonal to the central
pressure depression, other factors being constant.

The specific pressure values in Tables I through 3 are the lowest pressures,
generally determined from actual observations by either a barometer or
dropsonde. For hurricanes of recent years, mnminimum pressure observed in
penetrations - of the hurricane eye by recoanaissance aircraft nedar the coast
provided the central pressure in most cases. For earlier hurricanes, P_ values
were estimated from observations taken at land stations. Observed pressures, P_,
were exXtrapolated inward to Po (since Pa were rarely observed at the storm
center} by using visually-fitted radial pressure proflles bagsed on - the formula
(Schloemer 1954);

= exp(-R/r) (1

where P 1s the pressure at radius r, P_. is the pressure at the storm center, P
is the pressure at some large distance from the center at which the prefile is
asymptotic, and R is the radius at which the windspeed is greatest.

Schwerdt et al. (1979) computed pressure profiles for 19 past hurricanes using
equation (1) and nine other pressure profile formulas and compared the results
with observed data at radial distances of 40 and 850 nmi. They concluded that
equation (1) gives a reasconably representative sea-level hurricane pressure
profile. They also concluded that further refinements would not improve the
religbility of the formula at this time because of the rather large scatter
of pressure data ground most hurricane profiles.
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2.3.1 Central Pressure Criteria Based on Balanced Wind Model

Tables 1 through 3 azlso list the lowest pressure observed at a station (Pa),
the observing station and a geographical reference to which P, pertains {either
at the coast or as far as 150 nmi offshore). The criterion used to select storm
data for inclusion in Tables 1 through 3 (PO < 982 mb) was based on consideration
of the windspeed computed from a balanced wind model {(after Myers 1954):

= L¢p -py (R -
Vi 5 (e - P) (r) exp(-R/r) (2}
where, V. = cyclostrophic windspeed, at which the centrifugal
' force exactly ©balances the thorizontal pressure
gradient forece at radius, r, :

£ = density of air,

P, = asymptotic pressure {same as defined in eq. 1),

P, = central pressure, and

R = radius of maximum winds.

At the radius of maximum winds (R=r), with a central pressure of 982 mb
(29,00 in.,) and an asymptotic pressure of 1015.9 mb (30.00 in.), = the
cyclostrophic windspeed 1is 73 mph, or about the windspeed required Ffor
classification as a hurricane. The asymptotic pressure used by Myers is
different from the peripheral pressure suggested in Chapter ll. Both pressures
are intended to be representative of the environment removed from the dynamics of
the tropical cyclone; Myers' pressure is that value to which an exponential
pressure profile defined by equation ! is asymptotic. It is a parameter for
defining the intensity of the pressure gradient and does not actually have a
physical .counterpart in the pressure field. The peripheral pressure used in this
report is the surface pressure at the outer limit of a hurricane where the
eyclonie ecirculation ends and, therefore, tas a physical meaning. The 932-mb

‘criterion was used to put a specific bound on the datas sample. We Tealize that
there have been storms with hurricane-force winds and central pressures higher
than 982 mb south of 35°N, It is not intended to be used as a forecasting
criterion to distinguish hurricanes from tropical storms.

2.3.2 Central Pressure Adjustments

In some areas, barometric pressures could not be obtained near the coast. The
central pressures were determined at the location nearest the coast where
reliable observations could be obtained and adjusted downward E£o a coastal
value. This was done for those central pressures for which the lowest observed
pressure was from a stationm inland or at a coastal station when the storm was
emerging from land to sea. These adjustments were made for 13 hurricanes and
were carried over from TR 15 and earlier reports, including NHRF 33.
Recomputations using filling rates given in Chapter 10 did not show significant
differences; P0 values for 3 of 13 hurricanes were revised.
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Quastions have been raised about the minimum c¢entral pressure of Hurricane
Camille which struck the northern Gulf coast in 1969, The best obtainable value
is needed because Camille had the lowest central pressure on the mainland coast
since record keeping hegan during the later part of the last - century, and
strongly 'influences the lower end of the probability distribution of central
pressure. A minimum - pressure of 905 mb waz measured by an Air TForce
reconnaissance aircraft at 0016 GMT on August 17, 1969 near 25.2°N, 87.2°W, or
250 mi southeast of the mouth of the Mississippi River. Eighteen hours later,
and only a few hours before the center made landfall, another reconnaissance
aireraft penetrated the hurricane, and reported am even lower central pressure of
901 mb. A post-audit of the dropsoade computation at the National Climatic
Center adjusted this to 908 mbe. This value, which is quoted by Bradbury (1971),
is the value in Table 1. - The eye passed over Bay St. Louis, Mississippi, at

. landfall and an aneroid barometer a few blocks from the west end of the Bay

Ste. Louls—Pass Christian bridge read 26.85 in. (909.4 mb). This barometer was
later checked and found to be accurate by the New Orleans NWS Office (DeAngelis
and Nelson 1969). One may assume then that Camille remained in a near steady
state during its last 25 hours at sea.

2.3.3 Revised Central Pressure from Previous Studies

A virtual absence of pressure data made it necessary to omit the Louisiana hur-
ricane of August 6, 1918, in which the closest recorded pressure was some
90 nmi from the path of the storm center. An estimate of P from such a
distance would be highly questionable. Two hurricanes listed in NHRP 33 are not
included in Tables 1 through 3. TUpon reanalysis of the data, it was decided
that both had weakened to tropical storm strength bhefore they reached a point
50 nmi from where they exited the Florida coast. They are the storms of

-September 11, 1903 (Gulf coast) and October 20, 1924 (Atlantic coast).

On the basis of additional data discovered since the 1975 study, we revised
the central pressure for several hurricanes. The most significant change
involved the storm of September 20, 1909. The revision was based on a
reconsideration of records available from the Weather Service Forecast Office in
New Orleans. A few other changes of central pressures were made in hurricanes
whose radius of maximum winds were revised. A recomputation using the pressure
profile formula with the revised R values dictated these revisions. The dates of
these hurricanes, and their previous and revised central pressure values are
ligted in Table 4.

2.4 Hurricane Radius of Maximum Winds (R) Data

Values of R for hurricanes were derived from various sources for the Gulf and
Atlantic coasts of the United States. In TR 15 the values of R were for
arbitrary locations and times. 1In this study, we reviewed all available data and
determined concurrent values of P, and R. The R values 1listed in Tables 1
through 3 are derived near the location and time where P applies. With zerial
reconnaissance data, the R values are obtained from wind data racorded during the
same traverse of the storm center in which the minimum P_ was observed. In a few
cases, R could not be obtained by any reliable method. Storms with R's in this
category are represented in Tables 1 through 3 by the abbreviation MSG (missing).




Table 4 .—#Hurricanes with revised central pressure

Gulf Atlantic

Pravious Revised Previous Revised

Date Po Po Date PD PO
{mb) {mb) {mb) (mb)

Oct. 18, 1906 976.6 96648 Sept. 17, 1906 981.4  976.6
Sept. 20, 1909 980.0  965.1 Sept. 18, 1926 ' 934,3  931.0
July S, 1916 961.1  950.2 Aug. 23, 1933 969.5  966.5
Nove. 3, 1935 972.9 977.0 Sept. 21, 19358 939,7 943.0
Oct. 5, 1948 977.0  962.7 Sept. 15, 1944 958.7  955.3
Sept. 10, 1960 (Donna) 933.0 930.0 Sept. 17, 1947 940.1 946.8
Septa. 15, 1960 (Ethel) 972.0 976.0 Aug, 28, 1958 (Daisy) 957.0 949 .0
Sept. 12, 1960 (Domna) 96i.1 959,0

Sept. 10, 1964 {Dora) 965.8 961.0

?2sh.1 Source of Radius of Maximmm Windse

The values of R in the tables were developed from several sources: 1) windspeed
records from aerial reconnaissance (for hurricanes since 1947), 2) windspeed
records from land stations, whenever applicable, 3) approximations of eye radii
deduced from asirborme or land-based radar, &) computations from an estimate of
the pressure profile, or 5) on the basis of narrative or tabular data in the
Monthly Weather Review. '

2.4.1.1 Radius of Maximmm Winds from Aerial Reconnaissance. Maximum flighe-
level winds and estimated maximum surface winds are usually included in flight
reports from reconnaissance aircraft., Flight-level winds, recorded at one-second
intervals by NOAA research aireraft flown into hurricanes have also been
available since 1953. Recorded flight—level winds were processed and 10-second
averages are stored on microfilm for data prior to 1973 and on magnetic tapes for
recent years. Wind and pressure data on microfilm were tabulated, plotted, and
analyzed for hurricanes affecting the U.S. coasts. From magnetic tape records
since 1973, composite maps of flight-level winds relative to the storm center at
given intervals and winds at various radial distances from the storm center
recorded in a traverse through the eye were plotted by computer and made
available to us by the Hurricane Research Division (HRD) of the Atlantic
Oceanographic and Meteorological Laboratory (ACML) of NOAA. Analyses of these
" maps vielded another measure of the radius of maximum winds. Examples of these
" analyses are given in Appendix A.

It is generally accepted that, above the boundary layer, there is little
vertical shear in a hurricane windfield in the lower troposphere {below about
600 mb). Miller (1958) developed a 3-dimensional desecription of the windfield in
a tropical cyclone. Shea and Gray (1972) found that only the weaker storms
exbibit a tendency for a slope of the radius of maximum winds with height; more
intense storms do not. Willoughby et al. (1982) analyzed multi-level (1,500,
5,000 and 10,000 ft) flight data in Hurvicane Allen {1980} and showed that
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Figure 2.,~Hourly observations of wind speed and direction, and distance of
Allen’s center from Brownsville, Texas for period 1300 GMT on Awgust 8 through
0600 MT on August 11, 1980.

the magnitudes of the maximum winds at different flight ievels were gsnerally
quite similar. We concluded that flight-level wind data recorded at altitudes
below the 600-mb level -zan be used to determine the surface wvalue of R in
hurricanes of moderate or greater than average intensity. Examples of this
method of obtaining R are given in the data snalysis in Appendix A.

2.4.1.2 Radius of Maximum Winds from Wind Records. Observed maximum winds are
determined by noting the time when a wind-reporting station experienced the
highest windspeed prior to the wind slackening in the hurricane's eye. From a
knowledge of the location of the storm center at that time, one can deduce 3
value of R. Similar results can be obtained from various types of wind
recorders. The windspeeds read off anemometer records were plotted on a time
scale and a smooth curve drawn. A curve of distance from the storm centar, as
measured from the best track, was constTucted on the same time scale. The two
curves are shown for Hurricane Allen {1980) in Figure 2. The two peaks in the
wind graph indicated that the storm's track rook the center zloser ro the gtation
than the radius of maximum winds. The 'observed' radius of maximum winds would
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be the  distance from the wind center at the time of these peaks. If the track
had kept the storm center beyond R, there would have been only one peak in the
wind profile. In this case, it was established that the radius of maximum winds
was less than the distance of station .from the storm track.

2.4.1.3 Radius of Maximum Winds from Eye Radius. In their work, The Structure
and Dynamics of the Hurricane's TInner Core Region, Shea and Gray (1972) stated

that, in the mean, the radius of maximum winds occurs at radii 5 te 6 nmi outside
the inner radar eye radius (IRR) - assumed synonymous with the inner cloud
wall. The IRR may be obtained £from land-based radar, ships at sea, or
aircratt. Figure 3, taken from Shea and Gray, shows the position of R relative
te the IRR for 21 Atlantic Ocean and Gulf of Mexico hurricanes. Figure 4, also
from Shea and Gray, shows the difference bhetween R and IRR versus the maximum
windspeed for radial flight legs. Note that the more intense the wind the bettar
the agreement between R and IRR.

2.4.1.4 Radius of Maximum Winds from Pressure Fit. Computed R's can be
estimated by fitting an exponential pressure profile to the data from a given
hurricane, By their nature, computed values of R are mote subject to error than
observed R's. The procedure was used in previous studies to derive estimates
that were carried over into the present study and was discussed by Myers (1954).

2.4.1.5 Radius of Maximum Winds from Monthly Weather Review. Reports of radii
of maximum winds extracted from storm analyses in the Monthly Weather Review
usually consist of estimates of the diameters from the measured time interval
between the slackening and resumption of hurricane-force winds over ~some
point near or along the coast. In other instances, rvesearchers have reported
their findings in the Monthly Weather Review, and these results (including
estimates of the radius of maximum winds) have been accepted by the authors of
this study.

2.5 Speed (T) and Direction (8) of Forward Motion

The translation speed and direction of hurricane motion are, among others,
important factors for determination of storm surges aleng the open coaste.
Forward speed and direction were determined primarily from analysis of hourly
hurricane positions when they were available. Generally, the analyses of
meteorological data are weighted toward synoptic-scale motions. The hurricane
track, thus obtained, is a best estimate of the large—-scale storm motion and not
a precise location of the eye at discrete time intervals. In this report,
direction of . storm motion is measured clockwise Ffrom north and denotes the
direction from which the storm crossed or bypassed the coast.

22541 Source of T and § Data

The T and 8 information in Tables 1 rhrough 3 were extracted from storm track
charts. Hurricane tracks compiled by Cry (19653) and the charts for recent years
published by the NHC, NQAA, in Miami, Florida (Neumann et al. 1981, and Jarvinen
et al. 1984} were used. The speeds were derived mostly from detailed track
charts, depicting hourly or bi-hourly positions in the viginity of the coast,
such as: Myers (1954), Graham and Hudson (1960), and Ho and Miller (1982,
1983)., The -listed T and 8 pertain to the time of landfall, axit, or closest
approach to the coast. In Tables 1 through 3, both the T and 8 data prior to
1973 were carried forward from Tables 1 and 2 of TR 15. :
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2452 T and 8 Data Used in Probability Distributions

In our present study, cumulative probability curves for T and 6 were plotted
for tropilcal cyclones since 1900. In TR 15, T data for hurricanes gsince 1886
were used in the plots. We made similar analyses using hurricane data from 1900~
84 and found little difference in the results.

To expand our data sample for speed of forward motion, we utilized T data from
all tropical cyclones landfalling on the Gulf and Atlantic coasts. In addition
to the T data for landfalling hurricanes listed in Tables 1 through 3, average
speeds for weaker storms were estimated from 6-~hourly positions given on the
HURDAT tape (Jarvinen et al. 1984), We chose the average speed, computed at
synoptic hours, <closest to the time of landfall as an approximation for
landfalling tropical storms.

Directions of landfalling tropical cyclones were determined at the times they
croassed the coast. In TR 15, the sample of 8 included values from hurricanes and
tropical storms since 1871. In the present study, 6 data came from tropical
cyclones that occurred during the 85-year period, 1900-B4. ‘

3. METEOROLOGICAL PARAMETERS ANP THEIR INTERRELATIONS
3.1 Introductiom

. Meteorological parameters used 1in the hurricane climatology analysis are
central pressure <Po)’ radius of maximum winds (R), forward speed (T) and
direction (8) of storm motion. Since the computation of storm-surge frequencies
using the joint probability approach assumes 1independence among the parameters,
any interdependencies must be identified and taken into account.

In addition to the basic hurricane parameters, location parameters ianclude a
coastal reference milepost (m), the latitude (¢) and the longitude (A). The
milepests are assigned such that m = 0 at the Mexican border and increases along
the Gulf coast toward Florida, reaching a value of 1415 at the southern tip of
Florida. The wvalue of m.further increases northward along the Atlantlie coast to
m = 3100 at the Canadian border (see fig. 1).

3.1.1 Overview of the Statistical Study

The ultimate purpose of the statistical tests was to find interrelations
between the hurricane parameters, if any, so that those parameters could be
properly accounted for in the storm—surge frequency computations. Because of
large natural variability, our data sample did not provide a sufficient number of
storms to estimate the underlying populations over coastal segments short enough
to allow homogeneity to be assumed a priori. This made it desirable to pool data
over as large an area as possible, to increase reliability of population
estimation and hypothesis testing. However, the pooled data could only include
coastal segments that were both statistically and meteorologically homogeneous.
While determination of meteorologically homogeneous coastal segments was, of
necessity, somewhat subjective, we complemented our judgments with congideration
of statistical homogeneity. We felt that the variability in the data and limited
sample sizes precluded a purely statistical determination of homogeneous regions.
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The statistical methods used in this chapter are outlined in Appendix B,
wherein the rationale for their choice, their limitations, and the interpretation
of the results are discussed. We used two methods to delineate regions in which
the hurricane parameters might be considered homogeneous: a meteorologically
based method and a statistical method (based on cluster analysis).

For the meteorological method, hurricanes that struck a coastal segment that
had relatively uniform orientation were grouped together. We then performed
tests to determine whether the statistical characteristics of hurricane
parameters among the various groupings were similar. The groups with no
significant differences 1in statistical characteristics were considered for

combination 1into a larger group. These pooled groups provided larger sample

sizes Ffor tests of Interrelations between hurricane parameters.

We also performed a cluster analysis on the parameters of all hurricanes
located along Gulf and Atlantic coasts; the hurricanes were separated into
clusters (groups) based upon the characteristics of the sample data. The groups
of hurriecanes so obtained were then examined using principal component analysis
and diseriminant analysis to determine whether significant differences existed
between the groups. The results were compared with those of the meteornlogical
me thod.

3.1.2 Scope of the Chapter

In Section 3.2, a comparison of the statistical characteristics of forward
speed of hurricanes and tropical storms is discussed. Practical problems with

the treatment of the direction of motion of landfalling hurricanes and tropical
storms 1is also discussed in this section. The homogeneity of hurricane

. parameters from different geographical regions is discussed in Section 3:3. The

results of homogeneity test were used as guidelines for pooling the data samples
used in the independence tests. In Section 3.4, interrelations between hurricane
parameters are examineds In Section 3.5, the interdependence between hurricane
parameters is discussed, and our conclusions are presented.

3.2 Considerations of Data Samples for Statistical Tests

Tropical storm data included forward direction and speed for the Gulf and
Atlantiec coasts of the United States, Central pressure and radius of maximum
winds for individual tropical storms could not be adequately specifieds However,
central pressures of all tropical storms are, by our definition (see sec. 2.3.1),
areater than 982 mb. Only landfalling tropical storm data were considered.

The landfalling tropical'storm‘data were separated into two groups: one for
the Gulf coast and the other for the Atlantic coast. For comparison, the
landfalling hurricane data were also separated in the same manner. To examine
whether the distributions of landfalling hurricanes and tropical storms should be
considered separately, we set up the following data subsets:

Gd: landfalling hurricanes on the Gulf coast,

GT: landfalling tropical storms on the Gulf coast,

AH landfalling hurricanes on the Atlantic coast, and
AT ~landfalling tropical storms on the Atlantic coast.
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Table 5.—-Forward speed of hurricanes and tropical storms for selected portioms
of the coast

Type of - Sample Average Speed ‘ Standard Deviation

Storms Size (kn) (kn)

West coast of Floridar(lOSO L m <1415 nmi)
Hurricanes 13 ' 10.5 3.6
Tropical storms 23 15.8 7.6
Northern Atlantic coast (m > 2400 omi)

Hurricanes 7 . 34,7 7.8
Tropical storms 12 ‘ 22.8 Ba7

We performed the (1) Mann-Whitney test, (2) Wilcoxon two-sample test with
normal approximation, and (3) Kruskal-Wallis test with Chi-square approximation
on the data set pairs GH and GT, and AH and AT. Part of the Mann—Whitney test,
and all oa‘ the Wilcoxon and Kruskal-Wallis tests were conducted using SAS
procedures. '

3.2.1 Forward Speed

The results of the three tests show no significant difference between the
distributions of landfalling hurricanes and 1landfalling tropical storms for
either the Gulf or Atlantic coasts, We also inspected scatter diagrams of
forward speed vs. milepost for landfalling hurricanes and landfalling tropical
StOoTrms. Figures 5a and 5b show that the distribution of forward speed of
landfalling hurricanes and tropical storms for the west coast of Florids
(m = 1050~1415) differs from that for mileposts greater than 2400. The latter is
located north of Chesapeake Bay. Table 5 shows that tropical storms that struck
land, on average, moved faster than did hurricanes along the west coast of
Florida, but moved more slowly than hurricanes for the northern portion of
the Atlantic coast. The wvariation along the Florida coast appears to be
reasonable, and is explained by the fact that storms that recurve tend to move
faster as they become embedded in stronger westerly flow. Strong westerlies also
tend to disrtupt the delicate thermal circulation necessary to support Intense
storms. Therefore, storms that recurve tend to be weaker (tropical storms)
and move more rapidly. We concluded that hurricanes and tropical storms in this
area represented complementary portions of the same distributiom, not separate
distributions.

Clearly, the observations north of milepost 2400 cannot be explained this
way. While we have no fully satisfactory explanation for what the data indicate,
we note that the sample size 1is rather small, and for the hurricanes, the
variability is considerably higher than the Florida sample {see table 5).
Furthermore, most storms, whether hurricanes or troplcal storms, that reach

* SAS is the Statistical Analysis System. Mention of a commerecial product does

not constitute endorsement by the Federal Government. :
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these northern latitudes are moving quite rapidly. They appear to have been
transformed- into systems whose circulations have extratropical characteristics.
The fastest moving storms are probably propagating as waves along a baroclinic
zone. Becausze of the small sample size, the generally large variability and the
indication that the dynamics of the storms north of milepost 2400 appear to be
quite unlike classical tropfcal cyclones, we exercised judgment in our analysis
of these data. We felt that the best estimate of the underlying population could
be achieved by consideration of the forward speed of both hurricanes and troplcal
storms. BRased upon the test results and on our judgment, we treated the speed of
motion for tropical storms the same as for hurricanes for both the Gulf and
Atlantic coasts.

3.2.2 Forward Direction.

The data only include landfalling storms. In our data sample, landfalling
hurricanes outnumber hurricanes in the other categories (bypassing and exiting)
by a large amount. The sample sizes in the bypassing and exiting categories are
so small that it would not be possible to make meaningful inferences hased on
statistical analysis.

Landfalling tropical cyclones are defined as those that strike the coast, hence
their range of forward directions is limited by the coastal orientatlon. The
range of directions can vary greatly as the coastal orientation changes over
short distances. This variation cam limir the range of directions in the
category of landfalling storms in a way totally unrelated to real meteorological
variability. For this reason, we decided that it was not appropriate to treat
direction of motion as a random variabhle for the purposes of hypothesis testing,
and in particular, for examination of interrelations with other parameters.
Possible interrelations between 8 and the other hurricane parameters will be
considered further in Chapter 5.

3.3 Homogeneity of the Hurricane Data Samples

For the purposes of this study, homogeneity for a given coastal segment means
that parameter estimates from a sample of storms for one location appear to be

drawn from the same populatlon as the parameter estimatas for any other location

in the segment.

We separated the storms into groups so that each group consisted of the storms
that made landfall on a coastal segment that had relatively uniform orienta-
tion. Presumably, if the segment was properly selected, the dats would be
meteorologically homogeneous. We then performed statistical tests to determine
whether the frequency distribution of the parameters from one group appeared to
be the same as other groups. The groups which appeared to show no significant
difference in their distributions were considered for combination into a larger

 group.

Cluster analysis of the parameters provided another method to separate the
hurricanes into groups based on the characteristics of the data sample. The
groups of storms so obtained were tested using principal component analysis and
discriminant analysis to determine whether they appeared to be reascnable
partitions. The results were then compared with those cf the meteorological
method {based on coastal orientation).
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Table 6.—-Initially selected coastal segments

Segment Number of Milepost Range ' Description

Number Hurricanes (smoothed ceastline)

1 23 ‘ 0~400 -~ Gulf coast from Mexican
‘ ' border to Galveston, Texas

2 . ' 12 ' 400-700 Gulf coast from Galveston,
: Texas to Mississippi delta
3 19 700-1100 Gulf coast from Mississippi
' delta to Suwannee Sound,
Florida
4 12 1100-1415 Gulf coast from Suwannee Sound,

Florida to the southern tip of
Florida peninsula

5 S 17 1415-1800 ~  Whole Atlantic coast of Florida

6 , 1z 1800-2200 Atlantie coast from Georgla to
Cape Hatteras

7 .9 2200-2700 Atlantic coast from Cape
Hatteras to Rhode Island

8 - 2 2700-3100 Atlantic coast from Rhode Tsland
to Canadian border

3.3.1 Methods for Testing the Homogeneity of Storm Parameters

In the meteorological method, we first selected eight segments along the Culf
and Atlantic coasts of the United States. These eight segments were located in
the milepost ranges shown in Table 6 and are shown schematically in Figure 6 (see
also fig. 1). The number of landfalling hurricanes in each segment is also
ligsted in Table 6. '

There were four segments on the Gulf coast and another four segments on the
Atlantic coast. Milepost 1415 is located at the southern tip of Florida. Along
each segment, the orientation of the coastline is relatlvely uniform, except for
the two most northern segments along the Atlantic coast. For the first six
segments we used the Mann-Whitney test to examine the relation of P _, R, and T
among pairs of segments. Segments 7 and 8 were not included in the testing
because of the small numbers of observations. The test was used to determine
whether the distribution functions of a given parameter appeared to be
significantly different between two segments of the coastline. If no difference
in distribution functions for two segments was detected for all parameters, those
two segments could be combined if the meteorological conditions in each segment

. were deemed to be similar enough.

The seven parameters used in the ecluster analysis were Po’ R, 8, T, the
milepost value (m), the latitude (®), and 1longitude (A) of the landfalling
point. For each grouping, principal component analysis and discriminant analysis
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Table 7.—Results of ManmWhitney test for a priori selection of coastal segments
in the Gulf of Mexico

P R T
Segment SegmentoNumber Segment Number Segment Number
Number 1 2 3 1 2 3 1 2 3
1
) % % %
3 0 * * & ]
4 n * % * kK k x %

Segments as given in Table 6
*  indicates segments with similar distributions
0 . indicates segments with different distributions

were used to examine the similarity between the groups. The most distinctively
separated groups were selected and the parameters within each group were examined
for possible interrelations.:

3.3.2 Comparison of Resﬁlés from Differenﬁ Homogeneity Tests

3.3.2.1 Meteorological Method. After the coastal segments were selected
(table 6}, the Mann-Whitney test (Conover 1971) was performed to compare pairs of
segments. Adjacent segmeénts with no significant difference in distribution
functions were considered for combination. '

The results for the Gulf coast are shown in Table 7. In all cases, adjacent
segments appeared to have similar distributions. However, for P_ and T, some
segments that were separated by one or two segments appeared to come from
different distributions. For instance, for both parameters, segments 1l and 3 had
different distributions, even though they both had distributions similar to that
of segment 2. To explore the variation along the Gulf coast further, we divided
the data sample into different gegments. An example is shown in Table 8, where
only 3 segments were used. - Again, all segments appeared to have similar
distributions of R, but different distributions of P_ and T. Our analysis of
shifting the segment boundaries led us to conclude that the data appear to be

Table 8.—Results of MannWhitney test for modified segments of the Gulf coast

‘ P hid . T
\Segment SegmentoNumher . Segment Number Segment Number Milepost
Number : 1 2 : 1 2 L 2 Range
i 0=500
2 0 * o 300-1000
3 - oD % * * *

# 1000-1415

# indicates segments with similar distributions
(0 indicates segments with different distributions
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"locally homogeneocus,” Tt appears that there may be variations glong the
smoothed coastline 1in the Gulf that could result 1in samples that would not be
homogeneous 1if the segments were too large. However, it is not clear what "too
large” is. By that, we mean that the variation appears comtinuous and that
there are no obvious breakpoints between homogeneous regions.. Therefore, the
data can be considered homogeneous locally. In Section 3.3.3, we combine thisg
with an evaluation of the statistically based cluster analysis to specify
homogeneous segments for the independence testing.

The concept of local homogeneity was also assumed to apply for the Atlantic
coaste As indicated in Table &, the number of storms beyond milepost 2200 was
too small to consider formal statistical testing. The results of the Mann—
Whitney test for the region south of milepost 2200 were variable, depending on

.the segments chosen. However, the results were not inconsistent with the concept

of local homogeneity. This is reasonable, considering the known variation of the
hurricane parameters with latitude. ‘ ’

3.3.2,2 Cluster Analysis. The results of the cluster analysis were generally
consistent with the results of the meteorological method. 1In application of the

‘cluster analysis procedure, the number of clusters was assigned a priori, and the

cluster .boundaries were then determined. Analyses for two through nine clusters
were conducted, When five clusters were selected, the partitioning was most
similar to that determined by the meteorological method. The cluster analysis

technique assigns each storm to a particular cluster and assigns it aun
identification (ID) number. These ID numbers are shown in the schematic in

- Figure 6. Somewhat surprisingly, each of the clusters included storms ' that

struck land over a continuous extent of the coast. That is, milepost alone could

.be used to totally delineate which storms were included within each c¢luster.

This is <consistent with our Jjudgment used in gpecifying reglons by the
meteorological = approach (sec. 3.3.2.1). The cluster bhoundaries for the
five-cluster partition were generally located in regions of storm~frequency
minima (see fig. 27). Because of this, the last storm in one cluster {(largest

‘milepost value) could be at a considerable distance (40 nmi or more) from the

first storm in the adjacent cluster. With this in mind, a cluster boundary in
Figure 6 should be considered a point somewhere 1n the transition region =
cluster boundaries are not precise delineations.

3.3.2.3 Discriminant Analysis. To determine how well the clusters of hurricanes
were geparated, discriminant analysis was performed on then. In additiom to
providing the seven parameters mentioned in Sectiom 3.1 (P , R, T, 8, m, &, A), 4
cluster identification number {as shown in fig. 6, for a 5-cluster patrtition) was
also used as Input to the procedure. The results showed that hurricanes were not
distinctively separated by the cluster amalysis for 3 through 9 clusters. . For
example, in the case of five clusters, Hurricane Hazel of 1954, which made
landfall at milepost 2077, was put in clugter 3 by the cluster analysis but
clasgified into c¢luster 1 by the discriminant analysis. In this case, cluster 1
includes hurricanes which made landfall in the milepost range 1-500 and cluster 3
includes those in the milepost range 1752-2294., The discriminant analysis and

‘the cluster analysis agree only on classifying all landfalling hurricanes into

two clusters: one includes those in the milepost range 1-1201 and the other in
the milepost range 1292-2750, with missing data outside of these ranges. However,
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Table 9.——Percentages of varlance accounted for by principal components

e

‘Cumulativa

Principal Percentage - Percentage
Component ‘ of Variance of Variance
1 A4, 6 o . 44.6
2 15.2 59.8
3 14.3 74,1
4 12 .2 ' 86.3
5 9.0 : 95.3
6 4,5 . 99.8

7

0.2 ' 100.0

examining these milepost ranges, we felt that these two clusters cannot be.
meteorologically homogeneous, especially the second cluster, hecause it includes
hurricanes which are generally larger in size and Ffaster in forward motion as
compared to hurricanes in the lower latitudes. '

3.3.2.4 Principal Component Analysis. Principal component analyses were
conducted to examine the relative importance of the parameters. The percentage
of variance that each principal component accounted for is shown in Table 9. The
first principal component accounts for almost 45 percent of the total. variance,
and ' each of the next three principal components account for more than 12 percent
of the total variance. "Loadings™ provide a measure of the contribution of the
parameters to edch component, The loading of the hurricane -parameters in the

. four most significant principal components is shown ian Table 10. Each column in

the table i3 an eigenvector normalized to have a unit length.  This means that

-the square root of the sum of squares of numbers in each column is wunity.

Table 10 shows high positive 1loadings on the milepost (m) and landfalling
latitude (@) and high negative lpading on the landfalling longitude (A) in the
first principal component, and high positive loading on central pressure (P ) in
the second principal component. The 1loading  and importance of the Ffirst
component confirms our meteorological judgment that location is an Impeortant
factor in delineating homogeneous regions. : :

Table 10.~Loading of hurricane parameters in the principal components which
account for more than 12 percent of variance

Principal Component

Parameter 1 2 3 4
P 0.13 (.87 —0.14 . -0.16
R 0.31 0.33 0.11 0.60
8 0.20 0.13 0.73 -0.57
T 0.39 -0.28 0.39 0.26
‘m 0.50 -0.14 ~0.38 ~0.21
@ 0.47 ‘ 0.01 0.11 : 0.25
A -0.48 0.14 0.36 0.34
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Figure 7.—~Plot of the second principal component versus the first oprincipal
component. Zach symbol represents a landfalling hurricane and indicates the
cluster to which it belongs.

Using the classification provided by the cluster analysis, the second principal
component was plotted wvarsus the first principal componrent as shown in
Figure 7. In this graph, each symbol represents a landfalling hurricane and the
symbol indicates the cluster to which 1t helongs. The figure shows that
clusters 1, 3, and 5 are distinctively separated with few "misclassifications,”
and clusters 2 and 4 are mixed. Cluster 2 ineludes landfalling hurricames in the
milepost vrange 1292-1584 which covers the southwest and southeast Florida
coast. Cluster 4 includes landfalling hurricanes in the milepost range 560-1201
which covers the Gulf coast from eastern Louisiana to the Florida panhandle.
Thus the landfalling hurricanes ia the milepost range 560-1584 are difficult to
classify into distinctive subgroups on the basis of principal component
analvsis. Mote that location parametsrs played an important role in the first
component, and P_ in the second component {see table 10)., TFigure 8 is a scatter
diagram showing the distribution of Po as a functicn of milepost Ffor clusters 2
and 4. While there are fewer landfalling storms for milsposts 1000-1250, the
range of pressures does not indicate any obvious clustaring. In both the westarn
and eastern porticns, most P_'s range upwards from 930 mb, with an intense storm
in each section. It seems reasonable to group these data together on the basis of
the characteristics of their pressures.

3.3.3 Selection of Hurricane Groups for Indepehdeuce Taesting

The Ffact that the location parameters play an important role both in the prin-
cipal component analysis and in the cluster analysls supports cur use of coastal
segments for the delineation of howogenesous regions of hurricane parameters. Con-
sideration of meteorclogical factors and the results of rthe statistical analysis
suggest boundaries between milepost 400-700, 1000-1200, 1600-1800, 2200-2300 and
near 1415, Milepost 1413 is chosen as a boundary because it is a dividing point
between the Gulf and Atlantic coasts. The regions we ultimately judged to be
homogenaous are summarized in Table 11 (see also fig. 6).

40




Table 11.——Coastal segments that include homogenecus hurricane parameters for the
test of independence

Segment Milepost
ID Range ‘ ) Description
GLF A 0=450 . Texas coast
GLF B 450-1050 Gulf coast from Louisiana te¢ Florida Paunhandle-
GLF C 1050-1415 - = West coast of Florida south of 30°Y
ATL A 1415-1800 . East coast of Florida
ATL B 130C-2300 Atlantic coast from Georgia to North Carolina,
_ including Cape Hatteras
ATL C . 2300-3100 ~ Atlantie coast from Virginia to Canadian border
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3331 Gulf Coast. Both our meteorological judgment and statisticzl analyses
suggested - that the region along the coast of Texas could be considered meteoro-
logically homogeneous. Our initial boundary was at milepost 400 and the analyses
in - Sections 3.3.2.2 through 3.3.2.4 suggested a break near milepost 30{0. Since
the Gulf coast turned most sharply around milepost 450, we decided to select this
point to delineate our first homogeneous region. We had initially divided the
south-facing portion of the Gulf coast (mileposts 400-1100) into two portionms,
with the break near the Mississippl delta {(milepost 700),. We did this to
consider the possibility that storms affecting the eastern and westarn portionms
might be different. The results of the statistical analvsis did not support this
division. The statistical analysis suggested extending this region to the middle
portion of the west coast of Florida. However, the storms affecting the west

coast of Florida tend to be weaker (see fig. 8). Since the frequency of
landfalling storms on -the west coast of Florida is low, we felt that the
statistical technigues were not able to discriminate this  difference. We.

selected milepost 1050 as the dividing point between the two regions. Again, the
coastal orientation changes most rapidly near this point.

3.3.3.2 Florida Coast. The Gulf and Atlantic coasts of the United States were
‘considered separately Tbecause of their differences 1in geographical and
meteorclogical conditions. Division of the Florida peninsula involves
consideration of a number of factors, some of which suggest contradictory
groupings. The statistical analyses as well as meteorological considerations
{e.g., Kuo 1959) demonstrate that hurricane characteristics vary noticeably with
latitude. This 1is due- to both latritudinal variations in atmespheric circulaticn
patterns and generally decreasing sea-surface temperature with 1increasing
latitude. Warm water has been identified ss an important factor in supvorting
the energy transformations necessary to maintain a hurricane circulation. These
facts suggest that the data for -all of Florida be considered homogeneous. In
fact, the results of rthe cluster analysis support such a grouping for the
southern portion of the peninsula. However, coastal orientation suggests
dividing the data sample near the southern tip of Florida. Tropical circulation
typically is associated with easterly flow. Therefore, storms moving from the
east would strike the east coast of Florida. The synoptic scale meteorological
patterns under such flows are most conducive to development and maintenance of
hurricanes. On this basis, we suggest that there is the potential for strong
hurricanes to affect the east coast of Florida.

For a hurricane to strike the west coast of Florida, it must have a westerly
component ~ in the direction from which it approaches the coast. Usually such
motion is associated with storms that have undergone recurvature. Recurvature,
as oppesed to more random variations in storm direction, is almost always
associated with the tropical cyclone becoming embedded in the westerlies. This
is usually a critical rtransition in the hurricane's 1lifecycle. When this
happens, the upper-level outflow necessary to maintain the warm—core ecirculation
is impeded. Such storms tend to weaken and some take on extratropical
characteristics. Occasionally, hurricanes that formed in the Gulf of Mexico
moved across the Flerida peninsula in a west to sast direction before recurving
northeastward. Though intense hurricanes were reported to have struck near (Cedar
Key and Tampa Bay in the mid-1800's {(Ludlum 1963), it is reasonable to expect
that, on the average, hurricanes striking the west coast of Florida will probably
he weaker. The data (since 1900) in Figure 8 lends support to this observation.
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3.3.3.3 Atlantic coast. When five clusters were used, thecluster analysis
suggested that the Atlantic coast include 3 -¥egions: (1) the southern half of
Florida peninsula, including the west coast, (2) a segment from about Vero Beach
(milepost 1600) to the vicinity of Cape Hatteras (milepost 2250), and (3) a
region including all the coast north of Cape Hatteras. Our a priorli judgment
suggested four segments, with only the boundary in the vicinity of Cape Hatteras
being common with the cluster analysis. The reasons for selecting milepost 1415
at the tip of Florida have been discussed in the previous section. As mentioned
in Section 3.3.2.2, the boundaries of '‘a cluster represents a region, rather than

a ¢learly defined point. Examination of TFigure 27 shows that from
mileposts 1600-1800 there 4is a broad minimum in frequency of landfalling
StOImS, In fact, it is probably reasonable to place the houndary between

clusters any place within this region. For this reason, we chose to maintain
milepost 1800 as the divider between the homogeneous cluster ‘of storms striking
the east coast of Florida -and those affecting the coast to the north. This point
is near the Florida-Georgia state line where the coastal orientation changes from
NNW—-SSE to NE-SW. : : : -

Both our judgment and the statistical analysis support considering the region
from Florida—-Georgia state 1line -to the vicinity of Cape Hatteras . as
homogeneous. - Conditions to the north of Cape Hatteras may not be homogeneous,
either -meteorologically or statistically. However, the vregion north- of
milepost 2300 is gpecified as “homogeneous” because of the very limirted number of
observations of landfalling storms in this area. In general, we did not hase our
analysis for this portion of the coast on the results of formal statistical .
techniques. We believed that the only way to treat this area was by exercising
meteorological © judgment. Our analysis ensured consistency and a smooth
.transition from the more data-rich areas to the south of this area.

3.4 Interrelations Between Hurricane Parameters
3.4.1 Brief Review of Previocus Studies

Previous studies have suggested that some interrelations between hurricane
parameters may exist. TR 15 suggested gpecifically that:

l. hurricanes with P below 920 mb have small R;

2. for P_ from 920 to 970 mb, there is "no detectable interrelation”
between PD and R when the entire Atlantic coast was considered;

3. "if the latitudinal trend [along the Atlantic coast] is removed from P0
and R, little local interrelation between P0 and R remaing”™; and.

4, hurricanes that have recurved and move toward the north-northeast tend
to be faster (larger T) than those that are at the same latitude and
have a more westward component in the forward velocity.

Natlonal Academy of Sciences (1983) evaluated the FEMA storm—surge model and
indicated that:

l. The Tetra Tech report claimed no strong linear relations among any
hurricane parameters were found for the Gulf region as a whole;
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‘Table 12 .——Breakpoint values for contingency tables

Region: ' GLF A (O <m < 450) GLF B (450 < m <1050)
Parameter Breakpoing ‘ Breakpoint

P, 951 mb 965.5 mb

R ‘ 18 ami ' 20.5 nmi

T 11 kn , 13 kn

2.  Earle indicated that there was no significant relation  between

forward speed and central pressure depression over or near southwest
Florida (see p. 111, National Academy of Scilences 1983). This implies
no significant  relation = between T and P because central
pressuredepression is defined as the difference between P, and a
peripheral pressure that is usually near 1013 mb.

3. For the middle section of western Florida coast, R and 9 seem to be
‘ ~dependent wupon central pressure depression {implying dependence on
P ).
0 .

Among suggestions listed above, Tetra Tech's claim was based on factor smalysis -
applied to all storm parameters. Others were based mostly upon qualitative
reasoning and no rigorous statistical tests were used to support the hypotheses.

3.4.2 Metheds for Testing the Interrelatfons Between Hurricane Parameters

Two methods were used to examine the question of statistical independence:
contingency tables with a Chi-square test and the Spearman test, The contingency
table test is a categorical test while trhe Spearman test is a rank test. Both
methods are described in more detail in Appendix B.

3.4.2.1 Contingency Table with Chi-Square Test. Since the contingency table
analysis was designed for categorical data, the hurricane parameters had to bhe
‘separated into- categories. Because the hurricane data are continuous, the choice
.of boundaries between categories was somewhat arbitrary. The separation of the
data also had to meet the requirement that the expected count in each cell
could not be less than five in more than 20 percent of the cells in the
contingency table. Because of the limited sample sizes, we only used two-—by-two
contingency tables. Only two segments had encugh data to allow the Chi-square
test to be performed: the two western-most segments along the Gulf coast (GLF A
and GLF B). The breakpoints selected to c¢reate the categories are given in
Table 12. These breakpoint values divide the parameters into two groups — values
of the parameter less than the given value and those equal to or above the
breakpoint value.

3.4.2.2 Spearman Test. The Spearman test is based on interrelations between the
ranking {from one extreme to the other) of the observed values instead of on the
observed wvalues themselves. This test does not require assumptions about the
distribution of the data; it 1is a non—parametric test. The Spearman test
statistiec can be computed for a sample size as small as four (Conover 1971). Tt
can be used to test independence, positive correlation or negative correlation
between ranks of two random variables. The minimum sample size that is reguired
for reliable inference hased on this test has not been established. Thus, the
test results obtained for small samples must be interpreted with caution. In the
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Table 13.-—Sample sizes of paired parameters of landfalling hurricanes for
coastal segments S L PR

GLF A GLF B GLF C ATL A ATL B ALT C
Milepost ' . ‘ : S
Range 0=450 450-1050 1050-1415 1415-1800 1800-2300 2300-=3100
(p,, ) 23 28 13 17 16 6
(PO, T) 24 i 29 13 17 _ 16 7
(R, T) 23 28 13 17 16 6

discussion of test results, we also present the sample sizes to provide a
qualitative indication of the reliability of test results, i.e., the larger the
sample size the more reliable the result is likely to be.

3.4.3 Comparison of Resgults from DBifferent Independence Tests

The comparison between results of the Spearmin test and - those of the
contingency table with a Chi-gquare test are shown in Figure 9. 1In each block,
the upper triangle shows the results of the Spearman test and the lower triangle
shows those of rhe contingency table with a Chi-square test. A symbol is given
for each interséction of a columm of one parazmeter and a row of a different
parameter. The svmbol I means that the pair of parameters are mutually
independent and the symbol * indicates that the sample size for the pair of
parameters was too small for the contingency table with a Chi-square test.

The sample sizes of paired parameters of landfalling hurricanes. are listed in
Table 13. For coastal segment ATL C, there were only. seven landfalling
hurricanes recorded, and for one hurricane the R value was not available. The
sample size for ATL C was considered so small that no formal statistical testing
was done for this coastal segment. Only segments with sample sizes greater than
20 were sufficient to apply the Chi-square teste. ' :

Figure 9, indicates rthat each pair of parameters for the combinations of P , R
. . 0
and T are wmutually independent. For the pairs that have large enough sample
sizes, the results from the Spearman test and the Chi-square test agree with each
other. ' ‘ :
3.5 Discussion

In general, the parameters P_, R and T for landfalling hurricanes are mutually
independent for the coastal segments throughout the milepost range 0-2300. TFor
mileposts greater than 2300 (north of Chesapeake Bay), the small sample size
prevents the determination of meaningful statistical results. The direction of
storm motion is limited by the coastal orientation and cannot be treated as a
random variable. For the purposes of storm-surge frequency computations, it is
our reccmmendation, based on the results of the statistical tests and on our
meteorological judgment, that all parameters be c¢onsidered locally independent
for the entire Gulf and Atlantic coast, except for the special cases discussed in
Chapters 4 and 5,

The data available for tropical storms, and bypassing and exiting hurricanes

‘ware 1inadequate to allow a statistical treatment. For landfalling tropical

gstorms, only forward direction and speed were available. . For bypassing and
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Figure 9.-—in_terrelations between parameters of landfalling hurricanes for the
Gulf and Atlantic coasts of the Unired States. Symbol m denotes milepost, I
means independent, and * means inguffiecient data..
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exiting hurricanes, except for. limited coastal segments, the sample sizes were
too small for meaningful statistical tests. . In practical applications, these
classes of storms are treated as individual entities with separate frequency
counts and different probability distributions for corresponding parameters, 1f
warranted. The question of their interdependency was not resolved in this study,
but, based on the results for landfalling storms, we feel it is reasonable to
assume that these parameters can also be considered independent.

While consideration of the statistical analysis was 1integral to our
coaclusions, our recommendations rely heavily on our meteorological judgment.
This situation arose because the data sample was characterized by large natural
variability. While the sampling peried is on the order of a cemtury, there are
generally fewer than 10-15 storms per year that reach an intensity sufficient to
be classified as tropical cyclones. In general, this amount of data is not
sufficient to counteract the natural variability of the sample, and to allow
standard statistical procedures to provide reliable guidance in answering the
question of whether the parameters are mutually 1ndependent.

We want to emphasize that our conclusion that the data c¢an, in general, be
considered independent should be interpreted narrowly. We feel that, given the
data sample, there 1is no evidence to support quantiflable interrelations.
Becausa of the variation along the coast, both in the Gulf as discussed in
Seection 3.3.2.1, and along the Atlantic coast due to the “latitude effect,”
independence should be considered to be applicable locazlly. This concept 1is
analogous to the idea of local homogeneity, discussed in Section 3.3.2.1. For
example, Figure 10 shows scatter diagrams of Po’ R, B8, and T as a function of
milepost for the Atlantic coast. There is a fairly clear tendency for all four
parameters to increase with the milepost value - this is the "latitude effect.”
This correlation of all parameters with latitude could lead to the conclusion,
based on any. number of statistical tests, that the parameters are interrelated,
However, this interrelation would not necessarily be between the parameters
themselves, but could be due to the latitude effect.  For any limited area, even
if sufficient data were availlable, we feel that it is likely that the parameters
would be mutually independent. Because we present our results (chapts. 6-9) with
respect to milepost; the latitude effect, while being incorporated into the
analysis, has effectively been removed for the purposes of local storm—surge
computations. .

Our recommendation that the parameters be treated as loeally independent is not
meant to imply that we feel there are no interrelations between the
four parameteré.' Meteorologically, there are good reasons to suspect such
relations. What we are proposing is that the natural varigbility in the data
sample completely overwhelms any 1interrelations that may exist. The
recommendation {s a practical one - there is no way, within the limits of this
study, to quantify interrelations between the parameters. Except for the special
cases discussed in Chapters 4 and 5, there is no justification for attempting to
specify, rather arbitrarily, possible. interrelations. TFurther analysis of data
from areas beyond those considered in this study may be sufficlent to determine
whether interrelations do exist, and to support quantification of such
relations, However, if such work were to be pursued, care should be taken to
assure that conclusions drawn from such a study were applicable to storm—surge
computations along the Gulf and Atlantic coasts.
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4. THE JOINT PROBABILITY QUESTION:
CENTRAL PRESSURE VERSUS RADIUDS OF MAXIMUM WINDS

4.1 TIntroduction

An obiective of this report was to define climatolegical probability distribu-
tions of hurricane central pressure (P ), radius of maximum winds (R), forward
speed (T), and direction of motion (8) along the Atlantic and Guif coasts. In
caleulating frequency distributions of hurricane-induced surges on the coast it
is necessary to combine the probabilities from the individual distributions. In
such applications, the question of statistical independence among the individual
probability distributions has to be addressed. For example, of all the hurri-
canes affecting a given coastal stretch over a long period of time, what fraction
of the storms are in both the upper 10 percent in intensity (P_) and size (R)?
Lf P, and R are independent, the probabilities can be multiplieds In this case,
there would be a l-percent chance of their joint occurrence. TIf PO and R are
positively correlated, there would be more than a l-percent chance of the simul-
taneous occurrence of a storm bhoth this intense and this large. Similarly, if PO
and R are negatively correlated, the joint probability is less than 1 percent.

Statistical tests may be inappropriately biased toward acceptance of indepen-
dence 1if the significance 1level chosen for the test 1is too low, especially
considering the high variability and relatively small sample sizes available for
this study. Dependencies which are meteorologically based may be present, but
may not lead to rejection of the null hypothesis of independence. Ancther point
that must be considered. is whether or not certain interdependencies are expected
to extend across the entire spectrum of a given parameter or whether such
relations might be important only within some limited range of values.

4.2 Central Pressure Versus Radius of Maximum Winds

A ‘significant joint . probability question is whether hurricane gize (R) and
intensity (PO) are independent. A storm that is both large and Intense would

‘have enormous destructive power. Hurricanes with very large R's (in excess af

45 nmi) are generally found to be of moderate or weak intensity. 1In hurricanes
that have undergone recurvature and are moving northward in the Atlantic, often
becoming extratropical, the radius of maximum winds tends to become larger and
more 1ll-defined, and the central pressure rises. Extremely intense hurricanes
(low P ) and those with small radii of maximum winds tend to occur together
because, 1if angular momentum is counserved, a vortex contracts in size as it
increases its rotational speed.

T1f we examine the data for P_. and R for the Gulf coast (table 1), it is not
surprising that the calculateg correlation coefficient was only 0.l6. A
correlation coefficient this low indicates that the linear relation bhetween PO
and R is not likely to be significant. However, a low correlation could occur if
a nonlinear relation existed between these two variables. It is also possible
that a rtelation between P and R could be masked by the high degree of natural
variability inherent in hurricane observations. If such a relation exists, it is
likely to be most prominent for intense storms where the dynamics that couple the
variation of both P  and R are stongest and less susceptible to the masking
influences of environmental factors external to the storm. To test the inter-
dependence of P_ and R, we choose to employ non-parametric statistics. A non-
parametric test does not require specification of the form of the distribution,
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Table l4.,—An example of a generél two—by—two contingency table

Condition 1 Condition 2 Total
Group 1 a b a+ b
Group 2 | : ¢ d c +4d
Total ' . o atc h+d n

thus, the statistical test avoids the assumption of linearity. it can also
orovide insight into behavior of the extreme portion- of the distribution by
judicious selectiom of the PO and R groupings. (See below.)

The test of interdependence of Po‘and R involves comparing the two ssamples of
observations to see if the populations appear to be related. In other words, to
determine if a given P, value is more likely to he associated with a limited
range of R values {(interdependence), or whether any R from the complete spectrum
of values has the same probability as the distribution specified for R for every
P value {(independence). = We set up a contingency table, the form of the
tabulation is displaved conventionally in Table l4. The letters a, b, c, and d
are the count of occurrences in each group for a given condition.

We wused Fisher's exact probability test (Conover 1971) to cowmpare  our
groupings. Fisher's Lest assumes that the marginal totals of Table 14 are fixed
(that is, the number of observations in each group and for each condition are

fixed), and tests whether the partitioning of frequencies (a, b, ¢, d) could have
arisen by chance. The probability of such an occurrence is calculated as,

(a+c>'(b+d)
_ a b
P = n >
a+b)
c

) is a binominal coetfficient

{a + c)!

where s
alc!

, hence

_(a+ ! (e +d)! (a+ ) (H+ A
P= al al bl ol atl
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Table 15.~~Frequency of occurrence of different storm radii in two different
class intervals of hurricane intensity observed in the Gulf of Mexico, 1900-84

R <15 nmi R > 15 nmi Total
P, > 930 mb 16 47 63
PO < 930 mb 3 ¢ 3
Tatal 19 ' 47 66

Table 15 shows the number of occurrences of hurricanes making landfall on the
Gulf coast, within different categories of central pressure and storm size. We
formed a null hypothesis, Ho’ that there was no significant difference between R
associated with group 1 (P > 930 mb) and group 2 (P < 930 mb)., Fisher's test
gives a probability of occurrence by chance a value of 0.02. At the 5-percent
level we rejected H, and concluded that there was a significant difference
between the two groups of hurricanes, in terms of occurrence of the specified
hurricane radius. '

A similar test was applied to the parameters, and R, for hurricanes
landfalling on the Atlantie c¢oast. With a small samp%e size and a much larger
degree of scatter, the formal statistical test could not detect any significant
interdependence of these two parameters for Atlantic coast hurricanes. While it
is clear -that a relation appears to be ressonable for the extremely intense
hurricanes, natural variability seems to overwhelm this effect for most of the
other (weaker) storms. Furthermore, it requires a much larger sample of dara to
estahlish the functional form of the joint probability of two parameters with a
degree of reliability, as compared to specifying a single probabilitv
distribution. '

The burricanes listed in Tables 1 and 2 are insufficient to quantify any joint
probability relation that might exist over the full range of Po and R« The data
mist he supplemented hy a measure of deduction and meteornlosical Jjudgment.
Before reaching a conclusion, we supplemented our data base by including
extremely intense hurricanes that occurred outside our main area of interest
(within 150 nmi of the Gulf and Atlantic coasts). :

4.3 Mereorological Analysis

The basic observations used in our analysis of extremely inteuse hurricanes
(P0§?30 mb) were based primarily on wind and pressure data recorded by recon-
naissance aircraft. In some cases, central pressures were also obrained from a
search of other sources, including studies of individual hurricanes in the liter-
ature. Table 16 gives a list of hurricanes with PO less than or equal to 930 mb
recorded during the period 1900-85, together with the radius of maximum winds
taken at the time of minimum central pressure. The R values for Hurricane Janet
of 1955 could not he determined because of 3 lack of wind data. Janet was a very
compact storm with winds reaching hurricane force only.about 2 hr before the

arrival of the eye (Dumn et al. 1955). Estimated maximum winds of 200 mph were

reported just about 30 min prior to the passage of the eye over Swan Island. The
table also lists locations where the P, and R data were observed. 1In all cases,
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Table 16.-—Severe hurricanes since 1900 with Po < 930 mb

Storm Date P _(mb) Source R (nmi) Source Location
N - Steamship _

Sept. 9, 1919 926.5 Fred W. Weller 15~ Pressure profile Dry Tortugas, FL
Sept. 3, 1935% 892.3 Long Key, FL - 6 Pressure profile 24.8N 80.8%W
Carol Sept. 3, 1953%  929.0 Navy 25 Navy 19.8N 60.4W
Janet Sept. 28, 1955 914.0 Chetumal, MX Nﬁ data’ - 18.4N 87.9%
'Dénna sepc. 10, 1960  930.0 Conch Key, FL 18 NOAA 24 8N 80.9W
Esther Sept. 17, 1961%  927.0 Navy 10 NOAA 25.0N 66.4W
-Hattie Oct. 30, 1961 23,0 Navy 12 Wind composite .18.3N 85.0W
Inez Sept. 28, 1966 927.0 NOAA ' 7.5 NOAA 16.9N 67.4U
Beulah Sept. 19, 1967 923.0 NOAA 9 NOAA 24 .24 96.3W
Camille Aug. 17, 1969 905.0 Air Force - 10 Wind composite 25.2N 87.2W
Carmen Sept. 2, 1974 929.0 Air Force 8 | Navy 17 .9N aé.sw
Aﬁ;:a Sept. 2, 1977 926.0 NOAA . 10 " NOAA 24.2N 97.1W
David Aug. 303 1979 924 .0 NOAA 8 NOAA 16.3N 65.2W
‘Allen Aug. 7, 1980 899.0 NOAA 8 NOAA 21.8N 86.4W
Gloria Sept. 24, 1985% 919.0 Air Force , 15 - Air force 243N 70.1W

Atlantic hurricanes



the central pressure (PO) given in Table 16 iIs the lowest pressure observed in
the entire life span of each hurricane. The notation P, used to designate the
central pressures in Tables 1 through 3 carries a different connotation. Tables
1 through 3 list the pressure that would generate a realistie surge on the open
coast in steady-state models currently used in flood insurance studies (relative
to the coast). In this chapter, Py is used to signify the central pressure
values without reference to the time or place of observation (absolute minimum

B).

Figure 11 shows the locations of the 15 extreme hurticanes at the time of their
lowest central pressure. Out of the 15 extreme hurricanes, 6 occcurred in the
Atlantic Ocean. The hurricane of 1935 which struck the Florida Kevs had the
lowest ecentral pressure ever racorded in Atlantic hurricanes (892.35 mb). The
most intense hurricanes affecting the Gulf coast were Hurricanes Camille (1969)
and Allen (1980). A record low central pressure for the Gulf of Mexico (399 mbh)
was reported in Hurricane Allen as it entered the Gulf of Mexico through the
Yucatan Channel.

Figures 12 and 13 show the tracks. of these severe hurricanes rtogether with
~locations of reported lowest pressures at various times during the life sgpan of
each hurricane. Central pressures of 905, 908, and 209 mb were observed in
Hurricane Camille {1969) near 25°N, 28°N, and at the time of landfall. There was
insufficient data to show detailed time vatriation of Camille's intensity between
‘the time she crossed 25°N and the coast. - We assumed that Camille's "central
pressure remained almost steady during this time period. of about 36 hours.
Hurricane David (1979) reached its minimum pressure of 924 mb when the hurricane
was located some 100 nmi south-scutheast of Puerto Rico. Its central pressure
rose above 930 wb and then dropped to 926 mb just before. crossing the coast of

Hispaniola. Low pressures in Hurricane Allen (1980) were plotted. at three
different locations because Allen went through three weakening/deepening cycles
in its. life span. The occurrence of these three cycles in Allen strongly

suggests that geographical location is not a limiting factor in the occurrence of
exXtreme hurricanes.

4.4 Discussion of Analysis

Figure 14 shows a plot of P_ versus R for the hurricanes listed in Table 16,
Data from Hurricane Carla (1961) and a few data points from Allen (1980} (when P
was slightly higher thanm the minimum of 899 mh) were plotted in the same figure
to aid in determining the envelope of possible R values for extreme hurricane
conditions. An envelope was drawn through the highest R values for selected
intervals of central pressures. This curve indicates that observations of
extremely intense hurricanes with P_ less than 920 mb consistently have small R
values. The question of possible interdependence of Po and R appears to be
clearest for the most intense hurricanes.

The second question which follows is whether the group of hurricanes included
in Figure 14 are representative of landfalling hurricanes. Of the six Atlantic
hurricanes, the 'Labor Day' hurricane (1935) which had the lowest central
pressure ever recorded in the Atlantic, struck the Florida Keys. Hurricane
Camille reached its maximum intensity {in the Gulf of Mexico; its central pressure
appears to have remained almost steady for the 36 hours before it crossed the
coast. ~Hurricanes David, Inez, Hattie, Carmen, Janet and Anita (see fige 11)
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reached their maximum intensity prior to the time of landfalling. The weakening
of Hurricane Allen (1980) prior to the time of landfall can be explained by the
presence of a warm high pressure ridge over the southern states. Similarly,
other cases of decreasing intensity prior to landfall could not be simply
explained due to the close proximity of the land mass. There is no reason to
believe that, under reasonable meteorological conditions, any of these hurricanes
could not have reached the coast while maintaining their maximum intensity.

4.5 Conclusions

There are insufficient data to specify a joint probability distribution of ?0
and R for extreme hurricanes on a regional basis. Intense hurricanes were
experienced on the Gulf coast, extending from the Florida Keys (1935 hurricane)
through the Mississippi coast (Camille 1969) to locations off the Texas coast
(Hurricanes Allen, Anita and Beulah). Small R's tended to be associated with
these hurticanmes when their pressures'were lowest. These facts suggest that
small R's are associated with intense hurricanes. . There are seven observed R
values for hurricanes with central pressure less than 920 mb. These R values,
ranging from 6 ami to 15 omi, have both mean and median values of 10 nmi. Tt
appears that 10 nmi is a representative R value for intense hurricanes. A
refinement can be accomplished by separating the intensity of the storms into two
di fferent class intervals. We believe that an R value of 13 omi assigned to the
class interval of 920-9208 mb and an R value of 9 nmi assigned to storms with PO
less than 908 mb would provide reasomable estimates consistent with observations
and accepted meteorological principles. We recommend the adopticn of these
R values for the most intense hurricane categories.

5. OTHER JOINT PROBABILITY QUESTIONS
5.1 Introduction

Unlike Pé, R and T, B is restricted to ranges that depend on coastal
orientation, and, as discussed in Section 3.2.1.2, creates problems in treating
the direction data as a random sample. This chapter will attempt to examine
possible interrelations between P and 8, and between T and 8., While we will use
some formal statistical procedures, we want to emphasize that it is only for the
purpose of guiding our judgment about possible interrelaticns. Ho and
Tracey (1975) discussed in some detail possible relations between Po and 8. It
appears that this interrelation is a localized problem for North Carolina, north
of Cape Hatteras. With the limited number of observations, it is not feasible to
specify the joint probahility of the two parameters. To estahblish such a joint
probability relation requires a much larger sample size than that required for a
single probability distribution. An alternative approach in dealing with this
preblem is to segregate the sample into subgroups.

* .

Tt should he emphasized that the representative R value is a climatological mean
which excludes probable extreme values and may not be applicable in engineering
design and forecasting.
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Figare 153.-—Scatter diagram of direction wversus speed of forward motiom for
hurricanes landfalling on the Atlantic coast. :

5.2 Forward Speed wersus Direction of Storm Motion

In the Atlantlc, hurricanes tend to.nmove north-northeastward to ncrtheastward
after they recurve. These hurricanes generally move faster than westward moving
hurricanes at the same latitudes. Atlantic herricanes that recurve near the
doast often strike either the North Carolipa coast or the scuth shore of Loug
Ts5land or New England. Figure 13 shows z scatter diagram of direction versus
speed of forward motion for hurricanes landfalling on zhe Atlantic coast. This
figure reveals that a direction of about [80° appears to separate the speeds into
EWO ZToups. The zroup wilith high speeds (right hand side of fig. 13) 1is
associated with directions from 130-220°, while the slower speeds are associated
wirh the full range of diresctions. This suggests that landfalling hurricanes
moving north-northeastward rcend to have higher speeds of translation than those
coming from a dirsetion with an easterly component. It is of intarest to note
that these fast-moving storms entered the coast north of 33.3°W, These
hurticanes crossed the coast either near Cape Hatteras, North Carolina or in the
Long Island-New England area. These are the only areas along the Atlantic coast
whose coastal orientarion allows storms moving from this general direction to he
classified a2s landfalling hurricanes. Storms entering the coast south of Cape
Hatteras, North Carolina, are generally hurricanes of Atlantic origin thst move
ia a northerly direction after recurvature or those that exited the Flerida and
Georglia coast. Storms landfalling on the south shore of Long Island or Wew
England are usually hurricames that moved parallel to the coast of Maryland,
Delaware and New Jersey. They could be classified as alongshore storms for
coastal locations to the south of the point where they made landfall. There ara
no landfalling hurricanes coming from the directioms 180-220° south of 33.5°N
because of the way storms are classified: by definition, storms coming from those
directions {180-220°) are either axiting or alongshore storms.
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Table 17.-—Comparison of speeds of 1andfalling and alongshote storms for the
vielnity of Charleston, South Carolina

Percent of storms 3 20 40 60 80 95

12 .2 15.1 19.2

Landfalling storms (kn) 5.6 7.2 -9.5
Alongshotre stormg (kn) ' 6.6 8.6 10,8 13.5 17.6 23.5
Difference 1.0 1.4 1.3 1.3 7.5 5.3

As indicated in Chapter 3, 8 and T for landfalling storms generally vary with
increasing latitudes. The correlation coefficient of T and landfalling latitude
on the Atlantic coast is 0.71, and 0.45 for 8 and latitude. An examination of
the scatter diagram for T versus latitude (see fig. 10d)} reveals that hurricanes
with speeds greater than 20 kn struck the coast north of 33° N, and that all the
hurricanes which crossed the Long Island-New England coast were fast-moving
storms. Thus, hurricanes landfalling at the northern latitudes tend to move at
higher sapeeds .than those making landfall to the south. Though there are
limitations in the data samples for 8 and T as previously indicated, it appears
that hurricanes landfalling on the northern Atlantic coast may be different from
those making landfall to the south. However, when we examined the data within
homogeneous regions (concept of local homogeneity, as discussed in see. 3.3.2.1),
9 and T for landfalling hurricanes appeared to be independent. The apparent
relation is attributed to the latitude effect, as discussed in Section 3.5.

Figure 16 (from Myers 19753) shows cumulative probability curves of forward
speed for alongshore and landfalling storms for the Charleston, South Carolina
area. The plots suggest that alongshore storms move only slightly faster than
landfalling storms. Twenty percent of alongshore storms move at speeds faster
than 17.5 kn, while 20 percent of landfalling storms move at speeds Ffaster than
15 kne. Differences for the other 80 percent of storms are typically just over
1 kn, as shown in Table 17. This difference is within the range of expected
error in measuring storm speeds and suggests no relation between T and 8.

5.3 Central Pressure vérsus Direction of Storm Motion
5.3.1 Gulf Coast '

Hurricanes landfalling on the Gulf coast generally arrive at the Texas coast
from an easterly direction, or strike the Florida Panhandle, Alabama, Mississippi
and Louisiana coasts from a southerly direction or cross the west coast of
Florida from the socuth-southwest to the southwesterly directions, as shown in
Figure 17. It would be easy to assume that these track directions come from
different populations. The Mann—Whitney test, which can be used to evaluate the
homogeneity of two samples, indicates that there are significant differences
among track directioms in the three different zones on the Gulf coast., However,
the solid line in Figure 17 is the variation of the perpendicular drawn to the
smoothed ecoastline of Figure 1. The close correspondence between the data and
this 1ine is simply a result of ‘the restriction in directions imposed by
classifying these storms as landfalling hurricanes. Tests of interdependence of
PO and B using contingency tables and the Spearman rank tests for the three zones
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Table 18.——Partition of P, and 8 for landfalling hurricanes striking the Atlantic
coast south of 33.5°N

P, < 945 mb P, > 945 mb  Total
8 > 95° . 3 15 , 18
8 < 95° 0 4 4

Total 3 19 22

separately show no evidence of interrelations between the parameters. However,
this conclusion must be interpreted narrowly: independence 1is with respect to
landfalling storms. Because of the variation of the coastline, this should alse
be considered 1locally independent, in the same sense as described 1in
Section 3.5. It should not bhe extended to the underlying popularions that
contain the full range of possible values without more detailed and extensive
analysis. '

5.3.2 Atlantic Coast

On the Atlantic coast, the interrelations of P, and 8 are masked by thelr
correlations with latitude. TFigure 18 shows the varlation with latitude of the
direction of motion for hurricanes landfalling om the Atlantic coast. The plot
suggests two groups of storm track directions. These  two groups appear to be
separated by a forward direction of about 170° (vertical line on fig. 18). From
a wmeteorological standpoint, the data sample suggests the existence of two
distinct groups: (1) landfalling hurricanes crossing the Atlantic coast from
easterly directions (20-170°), which are westward moving hurricanes embedded in
the basic easterly current, and (2) landfalling hurricanes coming from 170-220°,
which are hurricanes moving northeastward after recurvature. There is also a
stretch of the coast, from 33.5-37°N, which apparently includes hurricanes from
both groups {dashed horizontal lines in fig. 18). :

Statistical tests of homogeneity, using contingency tables and the Mann-Whitney
test, indicate that storm track data north of 37°N are significantly different
from similar data to the south. These results also suggest that there are two
distinet groups of storm—track directions for landfalling hurricanes along the
Atlantic coast. Since the data along the entire Atlantic coast cannot be
considered homogeneous, it is inappropriate to consider the interdependence of P
and B for these data without separating the sample into separate groups.

5¢3.2.1 Atlantic Coast, South of 33.5°N. We considered the data sample of
landfalling hurricanes for the Atlantic coast, south of 33.5°N, in the form of a
2 X2 contingency ctable. We estimated the probabiliey. that specific
partitionings of the frequencies arose by chance. One partition of the data can
be made as shown in Table 18. This contingency table shows the number of
occurrences {frequencies) of hurricanes within different categories of Po and
8, We then formed a null hypothesis that the noted distribution of observations
{frequencies) arose by chance, that is, there was no significant difference
between & > 95° and 8 < 95°. The Fisher exact probability test gives a 0.53
probability of occurrence by chance. This indicates that we cannot reject the
null hypothesis at the 5-percent level, We further tested for different
groupings by changing the dividing line for both track directions and central
pressures. These tests also yielded results which did not allow us to reject the

64




%
E

.2 T T T ; T T T T T T 1 T H T T
L 22.50N-259N ' : .
BOOW—82.59W

1 .OF =
b = -
o .3
Z
w
g L. -
ui
x
o .
A
o
)
= L -
<
z
Q - =
=

L 4

ey = 1 . -

0 L !

2

30 275 280 245/273»3 215 200 185 170 153 14Cc 1253 110 33 80 35 £C

DIRECTION (deg)

Tizure 19.--Histogram for direction of storm motion for the 2.5° latitude and
iongi tude block centered about Xey West, Florida.

aull hvoothesis. We concluded that, at the 5S-percent level, there is no
significant difference between the two groups of hurricanes, in tarms of
occurrence of the specified direction of storm motion. In other words, there is
no deteetable relation between PO and B. '

This conclusicn is based on the total data sample. However, there way be
loealized areas that could exhibit characteristics different from this general
conclusion. The data sample 1is 1inadequate to detect such situations. For
instance, an intarrelation between P_ and 2 might occur loeally near the southern
zip of the Florida peninsula and the Flozida Keys. Figure 19 shows a histogram
for direction of storm motion for a 2.3 degrees latitude and longitude block
centerad about Kevy West, This histogram indicates a bimodal distribution for
direction of storm motion with storms traversing the 2.5 degree block both from
the southeast  and the southwest. It is generally observed that storms coming
from an easterly direction are more intense than those coming from s westerly
direction. These localized interrelarions between P, 3, and possibly between
other parameters need further scrutiany. It is left to the user of this report to
look at conditions at specific locations more closely. The treatment of storms
affecting the Cape Hattsras area that folleows in Section 5.4 mav he used as a
guide. ‘ :
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5«3.2.2 North Atlantic Coast. Examination of Figure 10a showing the latitudinal
variation of pressure suggests no noticeable variation with milepost for the
northern Atlantic coast. Meteorological conditlons associated with the increase
in central pressure with increasing latitude are discussed in Chapter 7. This
feature is not obvious from Filgure 10a. Consideration of Figure 10c for storm
direetion shows a variation due in part to variations in coastal orientation, but
primarily due to synoptic—scale meteorological conditions. - A large scale high
pressure system (the Azores-Bermuda high) wusually 1is centered off the coast
creating a clockwise flow around it during the hurricane season. In association
with this high pressure system, storm direction tends to turn clockwise as the
storms move northward. This is the main explanation for the variation shown in
Figure 10c. In the absence of adequate data to test for Iinterrelations
independent of latitude, it 1is our judgment that the concept of Tlocal
independence is appropriate for the northern part »f the Atlantic coast.

5.4 Cape Hatteras Area

There are a number of coastal locations that, because of geographical features,
are probably not well represented by the generalized results presented ia this
report. Such areas include protrusions, such as the WMississippi delta, the
southern part of Florida, Cape Hatteras and Cape Cods It alsc includes majotr
‘bays and partlally enclosed bodies of water, such as Chesapeake Bay, Delaware Bay
and the New York Bight. The paucity of storms affecting any one of these areas
makes generalized analysis such as dome in this report impossible. They must be
examined on an individual basis. To 1illustrate some factors that might be
considered in such an analysis, we studied the area around Cape Hatteras. What
follows includes consideration of the more important factors for this particular
locations. Some aspects of the approach might not be equally appropriate for
other locations.

Cne reason for selecting Cape Hatteras was based on consideration of
Figure 18. It appears that between 33.5 to 37.0°N¥, the storms may include
different types of hurricanes. For the coastal region from Cape Hatteras, North
Carolina to Virginia Beach, Virginia on the Atlantie coast, hurricanes
landfalling from the southeast quadrant cover the full range of intensities from
severe to weak. Occasionally, a hurricane meanders and strikes this stretch of
the coast from the northeast quadrant; observations Indicate that these storms
have been weakér than those coming from the southeast. They have heen weakened
either by unfavorable conditions in the troposphere or by the reduction of energy
supply while drifting over cold water. These storms, which typically move at
less than 15 kn, generally have slower speeds of translation than storms entering
the coast from the southeast quadrant. Therefore, a separation of P and T, as
well as P_ and 9, between landfalling storms from the southeast anﬁ northeast
quadrant was considered. The data for all landfalling hurricanes do not suggest
that R differs much depending on 8. Therefore, the R probability distribution as
given in Chapter 8 is recommended for both storm categories. Portions of the
statistical treatments used below were formulated by Ho and Tracey (1975).

5.%.1 Parameters for Landfalling Hurricanes from Northeast Quadrant
A speclal analysis was made of tropical cyclones landfalling from the northeast

quadrant. Hurricane Doria (1967), which was a tropical storm at landfall, was
used- from Table 2, and, to expand the sample, data from other tropliecal cyclones
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(1886 to 198&) moving from a northeasterly direction within an area west of 70°W

and north of 32°N were also used. Tracks for Doria and these seven additional
stormg are shown in Figure 20. These eight central pressure values were used in
the estimation of the cumulative probability curve shown in TFigure 21
(curve A). The speeds of forward motion for the same storms were measured from
storm track maps (Weumann et al. 198l), and were used to help establish the

probability distribution shown in Figure 22 (curve A).

S5.4.2 Parameters for Landfalling Hurricanes from Southeast Quadranf

To obtain the probability distribution of central pressure for storms

landfalling from the .southeast quadrant, the probabilities for northeast guadrant

tropical cyclones were subtracted from the overall probability for all
landfalling storms.. The probability distribution thus obtained was also checked
against a direct sample of storm data. The resultant distribution for the
southeast storms  {(fig. 21, curve B) differs only slightly from that of all
landfalling storms. Speed of forward motion probabilities were evaluated in a
similar manner (fig. 22, curve B).

S.4,3 Landfalling Track Frequency

A discontimuity of track directions at Cape Hatteras can he seen between the
curves in Figures 44 and 45. The frequency of storms landfalling from the sector
91-160° .is approximately the same immediately north and south of the Cape.
Landfalling storms from the other possible directions - 160-240° south of the
Cape and from the northeast quadrant north of the Cape — are not of equal
frequency. The overall frequency of landfalling storms (fig. 27), which was
averaged along the coast by using a smoothing function, was adgusted to define
this discontinuity. A track count of storms from the northeast quadrant and the
91-160° sector crossing overlapping two-degree latitude and longitude squares was
examined separately. The sum of these freguencles was chacked against the
frequencies of all landfalling tropical cyclones. Figure 23 shows the resulting
frequencies with which hurricanes and tropical storms entered the coast from
different sections both north and south of the Cape. The plotted points show the
frequencies of all tropical cyclones at 50-nmi intervals (determined from
fig- 2?)- A

6. FREQUENCY OF HURRICANE AND TROPICAL STORM OCCURRENCES
6.1 Classification of Hurricanes and Data
The frequency with which a coastal area has experienced tropical storms and

hurricanes during the period 1871-1984 is analyzed in this chapter. The data
have been divided into three categories of storms chat affect the coast in dif-

_ ferent ways: 1)  landfalling storms, 2) exiting storms, and 3) alongshore

storms. The frequency of storm cccurrences ig defined as the number of tracks of
esach category of storms per year per nautical mile along a smoothed coast. The
term “smoothed coastline” is discussed further in Section 6.2.1.2 and a smoothed
coastline, defined objectively, 1is shown in Figure 24.

The statistlcs on the frequency of hurricane and tropical storm occurrences are

_ based ‘on the yearly storm track charts by Neumann et al. (1981) from 1871-1980,
.and from. their annual updates between 1981-1984 (published in Monthly Weather

Review). Following the criteria used in the track charts, tropical storms are
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defined as storms with maximum winds 34 to 63 kn, and hurricanes as storms with
winds 64 kn or greater. The track charts also show extratropical stages of the
cyclone tracks when the tropical eirculation was modified as the cyclone moved
inte a nontropical enviromment. Beginning in 1972, the term subtropical was
adopted as official terminology to describe such storms. Satellite imagery and
other observational evidence enabled Hebert and Poteat (1975) to reexamine the
official Atlantic hurrticane tracks and to identify subtropical portions of the
cyclone tracks since 1968. We included, in our frequenecy counts, subtropical
storms and extratropical storms which have intensity equal to or greater than
that of a tropical storms For coneciseness we use the term “tropical cyclone” in
this report to include all four classifications. Storms classified as "tropical
depressions”™ and "subtropical depressions” (maximum winds less than 34 kn) are
not included in the statistics,

6.2 Frequency of Landfalling Tropical Cyclones

Determination of the frequency of landfalling storms in a given area would be
relatively. simple if a sufficiently large sample were available. However, data
are available for only 114 years, from 1871-1984. Inspection of this sample
reveals variations within short coastal strips which are likely to be chance
occurrences due to the relatively small sample size. A goal of this report was
to smooth out such variations, and to portray the characteristics of the
population, not the variability of the sampies. Special effort was made to take
into account the effect of coastal orientation on the freguency of storms.

6e2 .1 Direct—Count Method
1
‘The most direct method of assessing the frequency of landfalling tropical
cyclones is to count the number of storms striking the coast. The number of
entries was totaled for each 50-nmi segment along the smoothed coastline from 3
point some 250 nmi south of the Texas-Mexico border to the Maine-—Canada bhorder
(see Fig. 24). We created extensions of the Gulf and Atlantic coastlines at the
tip of Florida. We "extended” the Gulf coast from Cape Sable to the Keys,
stopping at its intersection with B81°W longitude, as shown in Figure 25. We
"began" the Atlantic coastline at approximately 82.3°W, and continued it eastward
along the Florida Xeys to the mainland (see fipe. 25} A storm could only bhe
counted once oan each "coast.” The extensions were used for estimation of the
probability distributions .of storm freguency, PO and R. We did not use the
ceoastal extemnsions for T and 9, since these data sets included both hurricanes
and tropical storms; we felt that the data were adequate to resolve the variation
~of T and 8 along this part of the coast. The Gulf coast analysis stopped, and
the Atlantic coast analyvsis began at coastal reference point 1415,

For the period 1871-1984, 307 tropical cyclones entered the Gulf coast, and 193
entered the Atlantic coast, not including storms passing the Florida Keys west of
81°W. The 50-nmi segment counts were smoothed by using the swmoothing function
deseribed in Section 6.2,.1,1., . Figure 26 shows the frequancy plot of these
discrete storm entry values at 50-nmi intervals {poinfs joined by a dashed line)
and the smoothing obtained as described in the next section. These frequencies
depict tracks of storm centers, but do not take into consideration the lateral
extent of coast affected by an individual hurricane. The damage swath from a
major hurricane can cover more than 100 omi of coastline. The frequencies of
occurrences given in terms of storms per 100 yr per 10 omi of the coast (vertical
geale in fig. 26) represent long—term averages of troplcal cyeclones which include
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storms ranging in intensity from weak tropical storms to intense hurricanes. 1In
a probabilistic sense, one storm per 100 years should be interpreted as that
event which has a l-percent chance of occurreace per year over a 10-nmi coastal
segment,

6.2.1.1. Objective Smoothing Procedure. The 50-nmi segment counts were smoothed
by weighted averaging over 1! data points. We used a weight function in the same
manner as in low-pass filtering in time series analysis. The adopted function
has the following assigned weights (after Craddock 1969):

W, = 0.300, 0.252, 0.140, 0.028, -0.040, -0.030; for
n=0, £1, £, £3, t4, £5, respectively.

An alternative smoothing procedure sometimes applied in climstological analyses
gses a running-mean [Wn = 1/(2N+1)]. The results thus obtained may have
"distortions in phase angle variation (shifting of wmaximum or minimum
positions). The weighting function adopted here 1is designed to maintain the
average frequencies and phase angles of the original input series. These weights
were applied to all successive discrete values from south of Texas to the
southern portion of Florida, and from Key West to Maine. The end of the input
series was extended as a mirror image of the original series. Thus, smoothed
frequency estimates of landfalling tropical cyeclones for each 50-nml interval
were obtained along the smoothed coastline, from Texas all the way to the
Canadian border. - The two series were then commected to give a continuous
smoothed curve of Ffrequency of landfalling tropical ecyclones (solid curve of.
fig. 26). Figure 27 shows the final frequency curve including an extension at
the southern tip of Florida depicting the frequencies for the Florida Keys {(upper
portion of the curve).

6.2.1.2 Evaluation of Procedure. The direct count method derives its data from
a count of tropical cyclones at the coast and not out over the water. It gives
the best estimate of the variation along a smooth coastline of the frequency of
landfalling storms. However, it tends to obscure variations due to coastal
shape. A stretch of the coast that turns sharply in a direction almost parallel
to that of the predominant storm motion is less exposed than adjacent coastal
segments more nearly normal to the track direction. We have implicitly smoothed
gsampling variability associated with small scale variations of the coast.

To identify areas where the 1implied smooth coastal direction differs
significantly from the actual coastline, a smoothed coastline was constructed.
Coastal locations at 50-nmi intervals along the Gulf coast and Atlantic coast
were smoothed using the smoothing function described in Section 6.2.1.1. These
points were plotted and a continuous line joining these points was drawn for both
the Gulf and Atlantic coastlines (fig. 24). This diagram reveals that this
smooth line c¢uts across the actual coastline at several places =-- most
significantly, across the Mississippi Delta, along the west coast of Florida and
acrogs Cape Cod. For the most part, the smoothed coastline approximates quite
- well the orientation of the actual coast.

Areas whera a smoothed coastal direction differs substantially from the actual
direction may be detected in Figure 24. These areas may either be sheltered from
or exposed to the prevailing direction of storm motion more than the smoothed
coastal direction would suggest. Differences between these coastal directions on
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the Gulf coast may be large enough to cause significant differences in
frequencies of landfalling tropical cyclones obtained from the  direct-count
.method. The effect of the cocastal orientation on the frequency count can be
illustrated by differences in frequencies between the north-south segment of the
gouthern portion of the west coast of Florida and rhe east-west segment of the
'Florida Keys. Because of the coastal orientation, the west coast of Florida is
subject to landfalling storms from the southwesterly direction, while the Florida
Keys are at risk from both the southwesterly and southeasterly dlrectlons. The
coastal extensions discussed in Section 6.2.1 helped in analyzinog’ the data near
the southern tip of F10r1da. :

Other areas that reauired special attention are the Cape Hatteras area and the
Apalachee Bay area. The treatment of a discontinuity in the track count at Cape
Hatteras was discussed in Chapter 5 (sec. 5.3). Assessing the Ffrequency.with
which tropical cyclones struck the coast along the Gulf of Mexico was more
complicated than for the Atlantic coast because of the small angle between
prevailing track.directions and the coast, on the one hand, and varying coastal
directions on the other hand. In order to treat these problems in the Gulf, we
also made use of the track-density method in which storm paths are considered
independent of coastal orientation.: For a detailed discussion of this approach,
see the Appendix in TR 15.

6.2.2 Discussion of Results

Figure 27 reveals that the range of occurrence of landfalling tropical cyclones
over a 100-yr period varies from a minimum of 0.l storms per 10 omi of smoothed
coastline near Boston, Massachusetts, to a maximum of 2.2 in the middle of the
Gulf coast of northwest Florida and the Florida Xeys. A freaquency of close to
2.0 storms per 10 nmi per 100 years appears to the south of Galveston, Texas.
Highegst frequency of landfalling tropical cycleones on the east ‘coast is in
southern Florida, and a comparatively high frequency appears to the south of Cape
Hatteras, North Carolina. The freguency of entries drops off rapidly from Miami
to Davtona Beach, Tlorida and from Cape Hatteras northward to Maine, except
around Long Island.

6.2.2.1 Areas of High Entry Frequenc1es.

6.2.2.1 (a) Northwest Florida. The high frequency of storm entries along the
northwest Florida coast near St. Marks suggests that this stretch of the coast is
a favorable crossroad for tropical cyclones that pass east of the Yucatan
Peninsula and those that recurve in the Gulf of Mexico. This coastal region is
also vulnerable to Atlantic storms that cross the Florida Peninsula.

6.2.2.1 (b) South Florida. A maximum- in landfalling storm frequency appears
near the tip of the Florida peninsula and along the Florida Keys. The
gourhernmost portion of this area 1is exposed to both Atlantic and Caribbean
hurricanes. Generally, tropical cyclones strike the east coast of south Florida
from an east-southeasterly direction - a predominant direction for Atlantie
hurricanes before recurvature. The west coast of south Florlda is vulnerable to
tropical cyclones moving in a northeastward direction after recurvature. The most
frequent areas of recurvature in the month of October have been near the Rahamas
and in the northwestern Caribbean (Cry 1965).
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6.2.2.1 (c) Upper Texas Coast. The comparatively high frequency along the upper
Texas coast is partially caused by the predominantly westward-moving starms 1in
the Gulf of Mexico during the early hurricane season. Only six storms have
recurved and moved northesstward (away from the southern Texas coast) during the
months of June, July, and August since 1901, These early season storms accounted
for more than half the total number of storms that struck the Texas coast.

6.2.2.1 (d) Cape Hatteras. The high frequency of storm entries just south of
Cape Hatteras, WNorth Carolina (1.6 storms per 10 nmi per 100 years), is the
combined result of the number of northeastward moving storms that reentered the
North Carolina coast after exiting the east coast of Florida and Georzia in
addition to hurricanes of Atlantic. origin that moved in a northerly direction
after recurvature. Almost 90 percent of the storms entered the North Carolina
coast, south of Cape Hatteras, in a northwesterly to a northeasterly direction.

6.2.2.2 Areas of Low Entry Prequencies. The frequency of storm entries is less
than 1 per 10 ami of cecastline per 100 years over the northern section of the
east coast from a point some 530 nmi north of Cape Hatteras northward to the
Canadian border and also in the wvicinity of Daytona Beach, Florida. The
significantly lower frequency of entries north of Cape Hatteras, North Carolina,
is easily understandable. With a few exceptions, hurricanes recurving south of
Cape Hatteras either enter the North Carolina coast or move northeastward away
from the United States mainland. '

6.2.2.2 (a) East Coast. Colon (1953} has shown the locus of points of highest
frequency of recurvature for different months of the hurricane season.
Hurricanes off the east coast of the United States frequently recurve between
latitudes 27° and 29°N during the months of July and September. For the other
months of the hurricane season, recurvatures occur at latitudes farther south,
following the shift of the subtropical ridge (Alaka 1968). The northern limit of
turricane recurvature at about 29°N appears to coincide with an area of minimum
frequency of landfalling hurricanes along the east coast. Burricane Dora of
September 1964 was the only hurricane that struck the northeastern Florida coast
in recent vears. :

6.2.2.2 (b) Culf Coast. The relative minimum in storm entry freaguency along the
west coast of Florida (compared to the mid-Gulf coast and the southern tip of the
Florida npeninsula) can be explained by the prevailing westward wmotion of
hurricanes of Atlantic origin. The relatively low freaquency of storm entries
{before 1985) along the Louisiana coast west of the Mississippi Delta is most
likely due to sampling varisbilitv. The inclusion of storm data for the 1985 and
1986 hurricane seasons which were net included in this study would have increased
the entry frequency for this areas.

6.3 Frequency of Exiting Tropnical Cyclones
6.3.1 Analysis

The fredguency of exiting tropical cyclones was defined hy a subjective smooth-
ing of 50-nmi segment cocastal crossings. These counts were ohtained from the
storm track information previously cited. A total of 152 tropical cyclones exited
the Atlantic coast and 20 from the Gulf coast during the period 1871-1984., The
shape of the coast, relative to storm tracks, and meteorological considerations
were taken into .dccount in the smoothing. For storms exiting  the coasts of
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Florida, consistency in frequency  and direction of movement was maintained with
the frequency "of landfalling storms on the opposite  coast. The objective
smoothing technique was not used in this analysis bhecause the observed data are
closely related to the geographical features of the coasts and because of
physical considerations (such as direction of storm motion). For these reasons,
the smoothing of sampling variations of exiting storms that concentrated in these
areas of the Atlantic coast wass done subjectively, taking into . account
meteorological factors. :

6.3.2 Results and_DisCussiou

Figure 28 shows the smoothed frequency distribution of exiting tropical
cyclones. This curve indicates high frequencies along the coasts of northern
Florida and Georgia and along the North Carolina coast north of Cape Hatteras. -

6.3.2.1 CGulf Coaste The comparatively few exiting storms along the northern
portion of the. west coast of Florida agrees with the decrease of landfalling
storms northward along the Atlantic coast of Florida. A local maximm of exiting
storm frequency coccurred near Fort Myers, Florida. '

5.3.2.2 Atlantic Coast. The maximum frequency of exiting storm occurrence ap-
pears near Jacksonville, Florida, near milepost 1800, with 3 storms per 100 yr
per 10 nmi of the smoothed coastline (see fig. 28). The  frequencles
decrease southward with 2.2 storms/100 yr/10 nmi near Daytona Beach,
1 storm/100 yr/10 nmi near West Palm Beach, and 0.3 storms/100 yr/l10 ami near
Miami, Florida. The frequency diminishes rapidly north of Jacksonville. Higher
values appear hetween Cape Hatteras, North Carolina, and Cape Henry, Virginig.

Many exiting storms along the Atlantic coast originally were eastward-moving
storms In the Gulf of Mexico. They can also be traced to storms that recurved
over the Gulf or over the Florida peninsula south of the 29th parallel and moved
northeastward north of the subtropical ridge. This last group accounts for the
high frequency .of exiting storms over the northeastern portion of the Florida
peninsula. The concentration of exiting storms just north of Cape Hatteras and
Cape Cod reflects the orientation of the coastline and the comparatively hlgh
counts of entering storms south of these capes.

6e3+2.3 Application in Tide~Frequency Analysis. The treatment of exiting storms
in tide-frequency analysis for the area north of Cape Hatteras was considered by
Ho and Tracey (1975). They noted that grouping the parameters into fewer class
intervals was sufficient for storm—tide computations because exiting storms pro—
duced lower tides. They concluded that exiting storms made little contribution
to the overall storm-tide frequencies. Figure 29 (from Ho and Tracey) is a graph
of tide frequencies at Wright Monument, NWorth Carolina, for several classes of
stormse. Curve 'd' shows the computed frequencles of exiting storms contributing
little to the total tide frequencies. Such minimal contributions from exiting
storms can be attributed to lower Intensities associated with them and from
dynamic ocean conditions associated with exiting storms. All things being equal,

exiting storms give smaller surges than landfalling storms. Speed of storm

motion works inversely for surge generation between exiting/landfall storm.

Sensitivity tescs should be conducted to determine whether omission of the con—
tribution of exiting storms could affect the desired level of accuracy of  the
overall storm-surge frequencies. Exiting storms on the Florida coasts should be
considered because of their generally higher frequency of occurrence and stronger
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intensities due to limited overland reduction as they move across the relatively
narrow Florida peninsulas For estimating exiting storm intensities, the reader is
raferred to Chapter 10 For consideration of overland filling rates and Chapter 11l
for apnlication procedures.

Btk Frequency of Alongshore Tfopical Cyeclones

-

fa4.]l Analysis

- The <£frequency estimates for ctropical cyclones that bypassed the coast were
based on the same maps and data period used above. A count was made of storms
intersecting 5-nmi intervals aslong Ilines drawn perpendicular to a smoothed
coastline centered at each of the coastal locations (A to Z) in Figure 30. The
same storm mav have been counted sevéral times as it moved parallel to the
coasta The cumulative track counts along each of the 26 lines normal to the
coasi were plotted zeazinst the distance from the coast. A smooth curve was rthen
Fit to the data on each of these frequency plots.
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The frequency distributions were smoothed subjectively both along the coast and
perpendicularly outward. These rTesults are shown on Figure 30 by isolines of
accumtulated number of storm tracks  Thypassing the coast  at sea for the
period 1871~1984. We then read from the map accumulated track counts at discrete
distances of 10, 20, 30, 50, 75 and 100 nmi from the coast and plotted them as
alongshore profiles. Additional track counts and frequency plots were made at
close intervals near areas where the alongshore - profiles fluctuated greatly
because of either a geographic protrusicn or a concave coastline. Analysis was
then undertaken to obtain a set of smooth frequency curves for the Atlantic and
Gulf coasts. The resultant curves are shown in Figures 31 and 32 depicting the
accuriulated storm track counts in storms per 100 years at selected distances off
the Gulf and Atlantic coasts, respectively.

6ufte? Results and Discussion

Figure 30 reveals that the maximum concentration of alongshore storms occurred -

off Cape Hatteras, North Carolinaa Fewer than five tropical c¢yclones bypassed

~within 50 to 80 nmi off the coasts of northwest Florida, Alabama, and Mississippi

and within some 100 nmi of the Texas coast. . The higher values off the
Mississippi Delta may be caused by -geographic protrusion. There 1is a high
frequency of bypassing storms off the coast of Cape Hatteras for the same reason
that there is a high frequency of landfalling storms south of Cape Hatteras. The
gradient at a distance of 100-150 nmi off the Atlantic coast indicates that
storms frequently traverse at some greater distances off the coast rather than

bypassing near the coast. This may be explained by the existence of the
semi-permanent high pressure system (the Bermuda High) in the Atlantic and the

location of the Gulf Stream off the coast.  Atlantic burricanes approaching these-

latitudes tend to recurve along the western edge of the high pressure cell. The
higher track counts between 100 to 150 nmi off the coast seem to be associated
with the mean position of the Gulf Stream. Because of the steep gradient of
bypassing storm frequencies at some distance off the coast, caution should be
used in determining 'a representative frequency over finite distance intervals
from the ceast.

Figure 31 shows a higher number of storms bypassing the Mississippi Delta and
the southern tip of the Florida peninsula in the Gulf of Mexico. An analysis of
storm track counts passing through two and a half degree latitude and longitude
blocks in the Gulf yielded maximum concentration of storm tracks in an area
extending from south of the Mississippi Delta to western Cuba (diagram not
shown). This explains the high values shown in Figure 31. The minimum values
occurred off the Texas coast. and the Apalachee Bay area hecause of the coancave
coastline 'in those areas which minimized the count of bypassing storms near the
coast, TFigure 32 shows similar peaks and troughs in the alongshore profile of
bypassing storm frequencies off the Atlantic coast. These extreme values also
appear to be associated with geographic features of the ceastline.

7. CENTRAL PRESSURE

7.1 Introduction

Central pressure (P Y is a commonly used index of hurricane intensity.
Harris (19539) demonstrated that storm surge height is approximately proportional
to the central pressure deficit (AP =P - P ) other factors being constant.
This chapter develops probability dlstrlbutlons of central pressure for troplcal
cyclones along the coaste. :
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The data on which we developed the PO probability distributions for the
Atlantic and Gulf coasts of the United States have been collected in Tables 1!
through 3. Original sources of data are described in Section 2.2. Revisions
were made in P, data from TR 15 where we verified suspect data not accepted in
previous reports and, in a very few cases, as an analysis judement after
reviewing all the data. A description of the data analyses was. included in
Section 2.3, and revised hurricane .central pressures were listed in Table 4.

Tables 1 through 3 list parameters of all sterms with a central pressure less
than 982 mb (29.00 in.) that crossed the Atlantic and Gulf coasts or passed
within 150 nmi on the seaward side of the coast. The criterion that central
pressure be 1less than 982 mb was based on the consideration that .the computed
magnitude of cyclostrophic wind using this pressure value (as described 1in
secs 2.3.]1) is approximately the wind speed required for classification as a
hurricane". With central pressure avgilable for an average of less than ode
hurricane per year for the period of record for each coast (Gulf and Atlantic),
the data in Tables ! through 3 form a limited sample. '

7.2 Analysis

Cumulative probahilities of hurricane FO were determined from tabulated: values
listed in Tables | through 3 for overlapping =zones, generally centered 50 nmi
apart along the coast (see fig. 1). The lateral extent of the zone over which
the data were pooled was 400 nmi along the Atlantic coast, and 500 nmi on the
Gulf coast. We used a2 shorter distance along the Atlantic coast hecause
latitudinal variations were more important than along the Gulf coast. The 50-nmi
criterion was modified in areas where the data were sparse.

On the Atlantic ceast, between the mouth of Chesapeake Bay and eastern Long
Island, the overlapping 400-nmi =zones were separated by 100 nmi, and a single
zone was used from Long Island to the Canadian border. WNear the southern tip of
Florida, hurricanes that passed near Dry Tortugas, and those that crossed the
Florida Keyvs, together with Atlantic coast hurricanes were used to determine the
probability distributions of P_ at locations on the Florida Keys. The cumulative
probability curves, thus obtained, were used in the extension of the Atlantic
coast. along the Florida Keys (see fig. 25).

In southern Florida, along the Gulf coast, the overlapping 500-nmi zones were
centered 100 nmi apart (instead of 50 nomi). Hurricanes that pass. the Florida
Keys ‘and make landfall in western Florida usually become weaker as they approach
the coast. Parameters for hurricanes passing the Florida Keys are listad in

*Following the criteria used by NHC, hurricanes are defined as tropical storms
with winds 64 kn or greater. We realize that there have been storms with
hurricane-force winds and central .pressures as high as 990 mb south of 35°N. The
982 -mb criterion was used to put definite bounds on the data sample. Tn our
"statistical analysis, cumulative probahility curves for central pressure are
extended to cover the full range of hurricames and tropical storms.
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Table 1 and their characteristics near the time of landfall are given in
Table 3a. As discussed in Section 7.3.2.1, Poﬂvalues tend to be higher north of
Cape Sable. Treatment of the data near the southern tip of Florida was handled
differently because of the break at milepost 1415 (see sec. 6.2.1 and fig. 25).
In determining the cumulative probabilities for P, at coastal reference points
1350 and 1400 (near Cape Sable), we used P, values for & hurricanes observed nesar
Dry Tortugas instead of the weaker 1nten51t1es measured near landfall points at
some distance north of the points of interest. This was done to minimize the
biasing infiluence of the large number of generally weaker storms to the north.

Tables 1 through 3 include only hurricanes with P_ below 982 mb. However, the
track count on which the storm frequency (chapt. 6) is based includes tropical
cyclones of both hurricane and tropical storm intensities. 1In the application of
hurricane climatology, frequency of a representative, climatologically specified
hurricane of given characteristics is the product of theée: frequency of all storms
and the probability of a storm having those particular characteristics. Tn order
to ensure a higher level of consistency in our analysis, we expanded the central
pressure probability distribution to include weaker hurricanes and ctropical
storms, in the manner descrihed below. ' '

The first step in the analysis of central pressure data was to construct
cumulative probability curves for each 400- or 500-mile zone. The magnitude of
central pressure versus probability of occurrence was plotted. Determining the
probability to be assigned to a data point is commonly referred to as determining
the plotting position. A plotting position may be expressed as a percent from
0-100. Probability plotting of hydrolegic or meteorologic data requires that
individual observations or data points be independent of each other and rhat the
sample data be representative of the population.

Gumbel (1958) proposed five criteria for plotting position relationships.
Several nlotting relationships have been presented by Chow (1964). Benson (1962)
in & comparative study of several plotting position relationships found, on the
basis of theoretical sampling from extreme value and normal distributions, that
the Weibull relationship @ provided estimates that were consistent with
experience. The Weibull plotting position formula meets 2ll five of the criteria
proposed by Gumbel. An evaluation of plotting position formulae is iancluded in
Appendix C. All of the relationships give similar values neatr the center of the
distribution, but they vary in the tails. In TR 15, the Hazen plotting position
formula was used to assess the probabilities. One objection to the Hazen plotting
position 1is that the return period for the lTargest event is twice the record
length. 1In the present study, the Weibull relationship was used in assessing the
probabilities of all parameters. This plotting position relationship can he
expressed as: ‘

=
) — T X 100

where p is the probability expressed as a percent of the total number of storms,
n, and m is the rank from lowest to hichest. To get n for all tropical cyclones,
the count of central pressures (up to 982 mb) was adjusted similar to TR 15,
using the ratio of hurricames to the total number of tropical cyclones hased on a
diraect count of storm tracks. The upper part of the curve for each graph is ex—
tended smoothly to 1003 mb at the LOO4percent level to arbitrarily represent
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Figure 33 .-—Cumulative probability curve of central opressure of hurricanes
landfalling witbhin {(a) 250 nmi of miiepoat 253, near Corpus Christi, Texas, and
(b} 200 omi of milepost 1600, near Vero Beach, Florida.

tropical cvelones with central pressure greater than or egqual to 982 mb.
Zxamples of cumulative frequencry curves for two coastal zones are shown ia
Figures 323 and 33b., The first is centared near CJorpus Christi, Texas and the
second near Yero 3each, Florida. '

It should be noted that the hest fit cumulative probability curves wers oot

alwavs the most consistent solution for successive 50-omi increments. — Thae
guestion of how to deal with an cutlier in an extreme value distribution analysis
is always debatable. The central pressure determined for engineering design

hurricanes (called standard project hurricanes) along the Atlantic and Gulf
cossts by Schwerdt et al. (1979) was used extensively as a guide in asnalyzing the
lower 2nd of the cumulative probability curves for central pressure (see fig. 2.1
of Schwerde's report). In the sxample ziven in Figure 33 b, central pressure dsta
which was usad in plotting the cumulstive probabilitv curve for milapost 16350
neat Vero Beach, Florida, included a P, "value of 892 mb Ffrom the 1935
hurricane. Earlier studies {e.g., Schwerdt =t al. 197%) indicated that a
hurricane with such a low P would have approached the intensity of a “probable
maximum burricane” with a probability of occurrence as mch as an order of
magnitude less than 0.1 percent. Undoubtedly, this Po value would be considerad
an .outlier for the purpeses of our analyses. In treating this outlier, more
weizht was ziven to this storm in the analvsis for the Florids Xeys, whera the
hurticane made landfall, than at Vero Beach, Flcrida. The decrease in intensity
of a2 "standard project hurricane” from the Florida Keys to Vero Beach was 3lso
used as a zuide in the analysis.
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Using the smoothed set of cumulative probability curves of minimum central
pressure, we read off the 1-, 5=, 15-, 30—, 50-, 70, and 90-percentile points for
each increment and plotted then as alongshore profiles. Analysis was then under—
taken to obtain a set of curves representing a consistent view of the probability
distribution of P_ for the Atlantic and Gulf coasts. The resultant central
pressure values at selected percentiles for each increment were smoothed using
the same weighting function employed in Chapter 6 (see sec. 6.2.1.1).

The relative infrequency of hurricanes near the Canadian border and of PO data
near the Mexican border forced us to subieectively adjust the results of the
objective smoothing in these end areas. A discontinuity in the analysis with re-
spect to all but the uppermost class interval was found to exist between the
chain of Florida Keys and Cape Sable. This was a result of the geographical
features associated with the tip of the Florida peninsula. Gulf storms striking
the southern tip of Florida are generally weaker than those moving from the east
and striking the Atlantic coast of southern Florida and the Keys. Treatment of
this area was discussed in Section 6.2.1. ’

7.3 Results

An inspection of Figures 34 and 35 reveals that there is an overall increase in
central pressure from south to north, a well-known fact, caused, in part, by
decreasing water temperature toward the north. Distinct minima ranked-in order
from lowest pressure at the 5-percent level are found on 1) the tip of the
Florida peninsula, 2) at the Texas-Mexico border, 3) near Louisiana's Mississippi
Delta, 4) at the South Carolina—North Carolina state line, and 5) over the
southern New England coast.

- The primary maximum oceurs near the (until recently) sparsely populated coastal
area west of Cross City, Florida (mile 1,100 in fig. 34). Secondary maxima. lie
near - the wouth of Delaware Bay (mile 2,400 in fig. 35), and near Jacksonville,
Florida (mile 1,800 in fig. 35). The Jacksonville maximum excéeds the Delaware
Bay maximum for the higher percentile levels. Pressures also rise northward
along the upper New Fngland coast.

Reasons for the increase in central pressure from south to aorth include the
entrance of colder and drier air at low levels, which destroys the upward slope
of the isotherms from outside to inside the circulation and decreases the
amount of energy available to the storm. According to Riehl (1954), jet streams
at high levels which are detrimental to tropical cyclones are stronger and more

_common in temperate latitudes. Riehl states that “the arrival of the equatorward

margin of a westerly jet stream at high levels will destroy a [tropical cyclone]
circulation rapidly since it favors upper convergence, entrance of. cold air
aloft, subsidence, and drying.” ' '

7.3.1 Pressure Minima
7.3.1.1 South Florida Minimum. The lowest accepted sea—level harometer reading
(892.3 mb), not including tornadoes, in the Western Hemisphere occurred at Long

Key, Florida, in the hurricane of September 2, 1935. This contributed to the
south Florida minimum.
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7.3.1.2 South Texas Minimum. Hurricane Beulah (923 mb), the third most intense
storm (in terms of P_) included in this study, struck the Port Isabel -area of
Texas in September 1965. Hurricane Carla (931 mb) and the Galveston hurricane of
September 1900 (936 mb), two other notably severe hurricanes, struck the Texas
coast between Matagorda and Galveston Islands. There is no reason why Carla or
the Galveston storm would not have been at least as strong if trhey had struck the
south Texas coast. 1If we look at storms outside the bounds of the main area of
interest in this study, Hurricanes Janet and Allen also lend strong support for
the south Texas minimum. Janet brought a P_ of 914 mb to Chetumal, Mexico (18°N)
in September 1955 (Dunm et al. 1955). Allen had the lowest central pressure
{899 mb) ever observed in the western Caribbean while passing through the Yucatan
Channel on September 7, 1980 (see append. A).

7.3-.1.3 Carolinas and Southern New England Minima. -The two lowest tropical
cyclone central pressures observed along the coasts of Georgia, South Carolina,
North Carolina and Virginia, occurved during the passage of Hurricane Hazel
(1954) and Helene (1958}. Hazel struck the coast near the VWorth Carolina—South
Carolina state line. Helene aimed her winds at the same area but turned away to
the northeast a few hours before the center would have made landfall. Tn the
Carolinas and in southern New England where the coast projects eastward, there is
increased exposure to north-northeastward moving cyclones, some.of which, like
Hazel and Helene, can be of great intensity. :

‘T3.1.4 Mississippi Delta Minimum. This minimum was caused principally by
Hurricane Camille (1969), and its effect 1is most promiacent 1in the lower
percentiless ~ Even though Camille passed ‘east of Louisiana on her way to the
Mississippi coast, the minimum appears near the mouth of the Mississippi River
because this portion of the coast is further south {(lower latitude). The data at
the l-percent level indicate a well-defined minimum; the analysis of the
S5-percent curve in Figure 34 was lowered to provide contimuity with the l-percent
curves

7.3.2 Pressure Maxima

7.3.2.1 Cross City, Florida, Maximum. The lowest central pressure recorded in a
hurricane entering the northern Gulf coast of the Florida peninsula was 958 mb in
the storm of September 1950, which entered the coast near Cedatr Key. This is not
nearly as low as hurricane central pressures observed on the mid-Gulf coast
(Mississippi, Alabama, and the Pensacola area) and on the southwest coast of
Florida to the south., Is an extremely low PO here less likely climatologically
or is this simply a sampling variation during the period of record? Present
indications suggest that there is a real variation and the 1- through l5-percent
curves in Figure 34 reflect this judgment.

Our judgment was based on the foilowing. A good many storms have paralleled
the west coast of Florida close to shore from the Keys northward. Although the
eves of these hurricanes remained over water, substantial amounts of air entering
the storm at the surface had trajectories over the Florida peninsula. Miller
(1963) has shown that sensible heat is lost from a parcel of air as it travels
overland. His calculations for Hurricane Donna (1960) show that the surface
inflow over land is essentially a moist adiabatic process, which leads to the
hypothesis that, since the major portion of the eastern gsemieircle of an
alongshore west Florida hurricane is over land, a portion of the stornt's surface
latent and sensible heat source is removed, the equivalent potential temperature

92




of the surface air is lowered, and the radial gradient of equivalent potential
temperature at the surface 1s weakened. Movement of a storm out of tropical
watars can further weaken the gradient. The Labor Day hurricane of 1935. is a
good example of what can happen when an intense hurricane leaves the Florida Keys
and heads up the west coast of Florida. After crossing Long Xey with a central
pressure of 892.3 mb (26.35 in.), the hurricane brushed Cape Sable and paralleled
the west coast of Florida for about 30 hours before entering the coast near Dead
Mans Bay. By then, the storm had weakened to minimal hurricane intensity. The
air mass north of the hurricane and surface water temperatures had remained
essentially constant as the storm skirted no more than 50 nmi off the coast for -
those 30 hours.

"Although the area has not experienced a severe storm In over 100 years, it
should be noted that the Cross City area 1s exposed to hurricanes moving in from
the sputhwest. For a storm moving from this direction, the land effect would not
be significant. For example, a hurricane could develop over the Bay of Campeche,
attain great strength over the central Gulf, aund then aim 1its destructive winds
directly at the area as in the storm of October 1842 (Ludlam 1963). Figure 34 is
intended te combine these possibilities. : :

7.3.2.2 Delaware Bay Maximum. The strongest rropical cyclone to move inland on
the New Jersey coast during this century was a minimal hurricane (Sept. 1903)
with central pressure above 982 mb. Storms heading north-northeastward over the
Delmarva peninsula after having entered the coast at a point farther south are
more commor, but these storms have usually filled to a considerable degree by the
time they reach Delaware Bay. The raw data have been deliberately undercut in
the Delaware Bay area because our method of data analysis is more sensitive to
landfalling storms than to bypassing storms. Most of the hurricanes affecting
this part of the coast pass offshore before striking or bypassing the southern
New England coast, but it 1s possible that they could turn into the Delmarva-New
Jersey coast. These storms have central pressures comparable with landfalling
storms of gsouthern New England. Therefore, in an attempt to provide the best
estimate of the underlying population and to ensure consistency alomg this
section of the coast, the curves for the Delaware Bay area reflect both the raw
data and the possibility of more intense storms striking the coast.

703.2,3 Jacksonville Maximume. The T, probabilities achieve another high point
along the northeast coast of Florida. Again, the shape of the coastline has an
effect. The direction of the coastline is from 160° to 340° (measured from
north) in this region. When a storm recurves sufficiently to miss the southeast

-coast, it usually misses the northeast coast. Uintil 1964, the city of

Jacksonville was unique in that it was the only major city on the Atlantic coast
south of Connecticut that had never sustained winds of hurricane force Iin medern
times. Hurricane Dora spoiled this fortuitous record in September 1964, lashing
the Jacksonville atrea with 82-mph winds and demonstrating that Jacksonville was
not immune from hurtricanes. ‘ '

7.3.2.4 Northern New England Coastal Maximum. P, rises steadily going from
southeastern Massachusetts northward to Canada. The "cold wall™ of the Labrador
Current contributes to this effect, During August, the month of warmest sea—
surface temperatures, water temperatures average between 65° and 70°F from Long
Island to -Cape Cod. Along the coast of Maine during the same month, the
temperature is in the upper 50's - cold enough to give any tropical cyclone an
extratropical character.
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. overlapping =zones, centered 50 nmi apart, as used for the PO analysis were

8. RADIUS OF MAXTMIIM WINDS
8.1 Analysis
Cumulative freguencies of R's included in Tables 1 through 3 for the same

analyzed. R's for southern Florida were treated in the same way as pressure.

The same hurricanes were used for both P_ and R. For each 400- or 500-nmi
coastal segment, the R values were pleotted on cumulative frequency graphs. The
percentages were determined by the plotting position formula (see sec. 7.2 and
append. C). Examples of the fregquency analysis for specific coastal segments are
shown ia Figure 34, Greater freedom was taken 1in analyzing rthe cumulative
frequency curves of R, and the final coastal variacion of the probabilicy
distributions, than with P,, because the R data weres considered lass reliable.
Because data were sparse along the northern portion of the Atlantic coast, the
cumulative frequencies were developed wusing both landfalling and bypassing
SELOImSe. :

We did not expand the R distribution, as was done with Py, in an attempt to
account for tropical storms that were not included in the analysis. Tropical
storms, aspecially wesker ones, often have no well-defined R, and when they do,
it "can frequently be as much as a hundred miles from rhe apparent storm center,

Aassigning wvalues of R to such storms would bYe haphazard, at hest. Only
hurricanes {those in tables 1-3) wera considered in the freguency analysis of R
along the c¢oast. The R wvalues were determined near the location wherse ?o
applies.
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Five discrete probability levels were chosen to portray the results of the
analysis. The coastal variation of R for the Gulf coast and the Atlantic ecoast
is shown in Figures 37 and 38, respectively. The data along the west coast of
Florida and aleng the Atlantic coast were limited and were only used to .guide
analysis of the final probability distributions. = In these areas, the final
results reflect a higher level of meteorological judgwent.

8.1.1 Gulf of Mexico

When the five percentiles for each 50-umi increment along the Gulf coast were
plotted and analvzed, the resulting curves (fig. 37) depicted a trend of
increasing R's with latitude, which is consistent with previous studies
(e.g., Weather Bureau (1957), NHRP 33). Data proved to be too sparse to obtain
cumulative freguencies of R for the central Texas coast southward. The five
curves were extended -smoothly down the coast to Mexico (about 24°N), keeping in
mind that as we proceeded southward along the coast the value of R should not
‘increase with decreasing latitude.

8.1.2 Arlantic Coast

Cumulative frequency variation of R along the Atlantic coast as shown in
Figure 38 displays 1increasing R with latitude. - There were oanly eight
ohservations of R north of Virginia. The smoothing procedure discussed in
‘Section 6.2.l.1 was not applied for these latitudes; rather, subjective smoothing
was used to extend the curves to the Canadian border. ' :

8.2 Evaluation of the Analysis

‘Because of & few additional storms and due to revisions made to several R
values previously used in TR 15, our analysis resulted in somewhat different
probability estimates for R than in TR 15. The majority of the revisions were
decreases in R values.

8.2.1 Gulf Coast

8.2.1.1 Tlorida and Mexico Minima. As mentioned ahove, there is a variation of
R with latitude, and, as expected, minima occur on both the eastern and western
edges of the Gulf of Mexico portion of Figure 37. For example, with the
exception of Hurricane Camille (1969), an R less than 14 nmi has not been
ohserved over the central Gulf coast, while four hurricanes with R's less than
14 nmi have affected the western and eastern rims of the Gulf. The analysis
shows moderately lower values on the western rim of the Gulf compared to the same
latitude on the eastern rim and agrees with NHRP 33, which shows the same trend.

8.2.1.2 Mississippi~Florida Panhandle Maximum. The northernmost extension of
the Gulf coast is at Mobile Bay. -From what has been discussed so far with regard
to variation of R with latitude, it is reasonable to expect the maximum in this
general area.

8.2.2 Atlantic Coast
The curves in Figure 38 reflect the fact that the radius of maximum winds tends

to increase with latitude between the Florida Keys and Canada. The five probabi-
1ity curves attain their greatést slope between coastal Georgia and the Cape
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Hatteras area. It is in these latitudes that hurricanes most often pass from a
tropical to a temperate environment, and it is in this region where one would
expect R to show 1ts greatest increase for the reasons discussed 1in
Section 8.3. The slope of the lower probabilities curves change less between
Georgia and Cape Hatteras because there are a few storms with small R in the data
sample, ' :

83 Radids of Maximum Winds for Intense Hurricanes

Observations indicate that hurricanes with very large R's are of woderate or
weak intensity. In hurricanes moving northward in the Atlantic and becoming
extratropical, R tends to become 1larger and more diffuse and P_ generally
rises. Data from intense hurricanes of record (see table 16 and fig. 14)
indicate that the most extreme hurricanes (Po less than 920 mb) tend to have
small R's, The question of interdependence of P_ and R was discussed in Chapter
4. We recommend that an R value of 13 nmi be used for hurricanes with P, in the
range of 908-920 mb, and R = 9 nmi be used with P, less than 908 mb.

9. SPEED AND DIRECTION OF STORM MOTION

9.1 Speed of Storm Motion

Data for the speed of storm motion is discussed in Section 2.5. Included in
these data are a few subtropical storms. We chose to include them since they
also have the ability to produce storm surges.

9.1.1 Forward Speed of Landfalling Tropical Cyclones

9.1.1.1 Analysis. Cumulative frequencies of forward speed for landfalling
tropical cyclones were determined for the same overlapping zones used for both Po
(sece 7.2) and R (sec. 8.1). As indicated in Section 2.5, both T and 8 could be
reliably determined for tropical storms as well as hurricanes, thus increasing

the sample size. Cumulative probability curves of forward speeds were determined

using Weibul's plocting position formula (see sec. 7.2). Figure 39 shows
examples of the cumulative frequency analysis of raw data at two points along the
coast (near Corpus Christi, Texas and Vero Beach, Florida). Percentage values at
each 50-nmi location were determined from analyses such as Figure 39 for 5-,.20-,
40~, 60-, ‘80— and 95-percent levels. The values were then analyzed to ensure
consistency along the coast. The resulting curves are shown in Figures 40 and
41,

9.1.1.2 Results and Discussion. Figures 40 and 41 show that tropical cyclone
speed generally increases with northward progression of each storm, especially
after recurvature to a northerly or northeasterly direction. The upper
50 percent of forward speeds increases from 11-17 kn near Davtona Beach, Florida,
to 35-53 kn at the northern extent of the United States' Atlantic coastline.

Overall, there was a marked increase in values of T along the west coast of
Florida as compared with the variation shown in values of TR I5. 1In this study,
we omitted hurtricanes prior to 1900 that had been used in TR 15. This was done
to engsure a consistent sampling period for all parameters (P, R, T and 9).
Before fipalizing this decision, however, we examined the ef%ect of  omitting
storms prior to the turn:.of the century. We found that there were no significant
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differences 1in the probability distribution of speed £or hurricanes by this
truncation of the period of records TR 15 had based its speed distribution on
hurricanes only. To provide a sample that was consistent with the storms used
for the direction distributions, and to increasa the sample size, the speeds of
tropiecal storms were ugsed in determining the speed distribution.

The substantial increase in the speeds in the higher percentile levels along
the west coast of Florida (see fig. 40) was due, not to the change in period of
racord, but to the addition of tropical storms. Between coastal reference points
900 to 1300, 12 storms with speeds greater than 20 %an were added to the data
sample. All were less than hurricane intensity. Storms that exceed 20 kn at
these Ilatitudes generally have become ambedded in a hroader—scale circulation
that usually leads to thege higher translation speeds. These same metzorological
conditions lavolve recurvature, usually into an environment associated wlith
horizontal temperature gradients that creats coaditions. that are not favorable to
the thermal circulation associated with strong hurricanes. (see discussion in
secs 7.3.2.1}. Therefore, the faster translation speeds appear to be associated
with weaker storms. However, the small number of storms and high degree of
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variability from storm to storm precluded us from establishing whether a joint
probability relation actually exists, let alone what form the relation might
take. Inclusion of these tropical storms also leads to discontinmuities in the
speed distributions hetween the west and east coasts of southern Florida for all
but the lowest percentiles,

Observations of bypassing storms are more limited than for those storms
striking the coast, especially for storms from earlier years., Additionally, the
frequency of occurrence of bypassing storms, subject to the criteria in this
study, is lower than for landfalling storms. Given the high degree of natural
varlability of tropical cyclones and the limitations just mentioned, we felt it
would be unlikely that we could develop an adequate probability distribution for
the speed of bypassing storms. Consideration of meteorological factors affecting
the speed of storm moticon suggests that there is likely to be little difference
in the speed distribution between landfalling and bypassing tropical cyclones.
The speed is primarily dependent on conditions of the larger-scale meteorological
environment. In general, the controlling circulation patterns that affect the
speed are not sensitive to coastal orientation, the factor that leads to the

| segregation of landfalling and bypassing storms. We recommend using the speed
| distribution for landfalling storms as a reasonable approximation for Wypassing
storms.

|
‘ - .
9.1.2 Forward Speed of Bypassing Tropical Cyclones

9.2 Direction of Storm Motion
9.2.1 bpirection of Storm Motion for Landfalling Tropical Cyclones

| 9.2.1.1 Analysis. Tropical cyclone tracks compiled by Cry (1965) and updated

| track charts (Neumann et al. 1981) were used in summarizing the directions of
storm motion. Directions of landfalling tropical cyclones were measured at the
time they crossed the coast.  Cumulative freguencies of the entry direction for
overlapping 200-nmi zones (100 nmi either side of the central point) were used in
plotting cumulative probability eurves at 50-nmi intervals along the Atlantic and
Culf coasts. Tn TR 15, cumulative frequencies were counted for overlapping zones
of 75 nmi on each side. In both cases the zones along the coast were smaller
than those used for the other three parameters (PO, R and T) because the landfall
directions are totally dependent on coastal orientacion which can change
significantly over relatively short interwvals. The smaller =zcnes minimized
pooling inconsistent directions. We used storm data since 1900 in the present
study instead of the longer period used in TR 15, We believe the decrease. in
sample size due to a shorter observational period is partially compensated by the -
increased number of storms taken from a somewhat larger sampling area.

i In areas where the coastal orientation changes significantly within 100 nmi of -
| the point of interest, the direction of entry with reference to the coast was
taken into consideration. For example, a storm that crossed the coast from 250°
neatr Key West would not be counted as a landfalling storm for anothér point on
the Florida Keys, some distance to the east. In areas where the coastline turns
abruptly, fregquency counts were taken over shorter distances. Becausa of
insufficient data north of Cape Hatteras, analyses thera were made over larger
distance increments.
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Cumulative nrobability curves far direction of storm moticn for landfalling
tropical cyclones were constructed using the Weibul plotting position formula
given in Section 7.2. Figure 42 shows examples of these curves for two coastal
locations near Corpus Christi, Texas, and Vero Beach, Florida. Tach of the
cumulative probability curves was divided into class intervals, and the values at
selected percentiles were analyzed for three sections along the ecoast: the Gulf
coast (Fig. 43), and the Atlantic coast south (fig. 44} and north (fig. 45) of
Cape Hatteras.

9.2.1.2 TResults and Discussion. The direction of landfalling storm motion is
closely rtelated to the coastal orientation curve because the definition of
landfalling restricts the storm direction data selection, exiting and alongshore
storm motions being excluded. Under the influence of the easterly circulation of
the lower laritudes {(the Azores=-Bermudas high) the tracks of most storms in the
tropics is westward. There is a tendency for these low latitude storms to drift
slowly northward at the westerm end of rhe high pressure system. As the storms
drift toward higher latitude, they come under the influence of westerly winds and
recurve northeastward.
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15 indicatad in nrecsding paragraphs, data sampling for :the prasent analysis
departed slightlv from that used in TR 15. The analvzed rasults generally agrae
with the pravious studv. 0On the Gulf coast, 30 percent of the SLorms occurriag
werween coastal raference poiats 900 and 1300 appeared to have grzater southerly
and easterlv components than previously determined in TR 15, This difference mav
be attributed to the data samples of different time periods. Thirty—four storms
occurring prior to 1900, with directions from 200 to 270° were not included in

the present analysis.

9.2.1.2 (a) Gulf coast Figure 43 shows smoothed profiles at selected per—
centiles for direction of motion for landfalling tropical cyclones for the Gulf
coast. As expected, the tropical cyclones striking the west coast of Florida
come from the. southwest direction and those striking the Texas coast are
zenerally from the southeast. Along the mid-Gulf, coastal areas are vulnerable
to storms approaching from both southeast and southwest.
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9.2.1.2 (b) Eaét coast, south of Cape Hatteras. Figure 44 confirms that for

landfalling storms near Miami, Florida, the predominant direction of storm motion
is from the east or southeast. In the vicinity of Daytona Beach, Florida, there
is higher percentage of landfalling storms coming from the south and southeast.
North of the TFlorida—-Georgia state line, the percentage of north to
northeastward moving storms increases gradually northward, which reflects the
increasing number of recurving storms. This group of landfalling storms
includes recurving tropical eyclones of Atlantic origin and storms that exited
the TFlorida coast and may have reentered the coast south of Cape Hatteras. More
than 50 percent of the landfalling- trop1cal cyclones near Cape Hatteras are
north—-northeastward moving storms. : :

9.2.1.2 (c) East coast, north of Cape Hatteras. For the period since

publication of TR 15 (1974-84), only two storms made landfall north of Cape
Hatteras. The directions of motion for these two storms were consistent with
those used in TR 15. Given the very small number of storms affecting this part
of the coast, we believe that no changes to the earlier analysis were necessary
for this stretch of the coast. Figure 45 has been taken from TR 15 for areas
north of  Cape Hatteras, North Carolina. The streteh of coast south of Cape
Henry, Virginia, is vulnerable to landfalling tropical cyclones coming mainly
from the easterly directions; the coastal orientation excludes the northeastward
moving storms  from the landfalling category. Tropical cyclones striking this
part of the coast from the northeast have generally been weak. TFiwure 43 also
raveals that tropical cyclones striking the coast east of New York consist mostly
of northward to northeastward moving storms.

9.2.1.3 Areas of Discontinuous Direction Profile. The directions of landfalling
storm profiles along the east coast are not continuous in the vicinity of Cape

. Hatteras, North Carolina and Cape Cod, Massachusetts, because of abrupt turning

of the coast. The probability distribution of landfalling storm direction and
its relation to Py and T for Cave Hatteras area was discussed in Section 5.4.
For the Cape Cod area, it is advisable. to use the direction distributions From
the south and west of the eastern extremity of the cape {(lower milepost
number), since the maximum wind region of a hurricane lies to the right of the
hurricane track. The values indicated For Cape Sable (fig. 43) may be used as
representatlve for hurricanes striking the mainland coast of Florida Bay.

9,2.2 Direction of Storm Motion for Byp3551ng Tropical Cyclones

Bypassing storms, by definition, de not strike the coast in the vicinity of
interest. Variation of coastal orientaticon and the restriction impesed by the
definition make specification of a generalized distribution of ‘directions
Impossible. For practical computations, we recommend assigning a direction
parallel to a tangent to the coastal point of interest for bypassing storms, with
the general motion from east to west along the Gulf coast facing south, and for
coasts such as Texas, Florlda and along the Atlantie, the general direction
should be from south to north. ' '
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10. ADJUSTMENT OF HURRICANE INTENSITY FOR FILLING OVERLAND
10.1 Introduction

The tropical ecyclone is a thermally driven circulation in which the vertical
flux of sensible and latent heat is the primary source of energy for both its
formztion and maintenance. One of the factors that diminishes hurricane
intensity is the increased dissipation of kinetic energy by friction overland.
In a steady-state hurricane, the frictional dissipation of kinetic energy near
the core of a hurricane is approximately balanced by the energy supplied by
sensible and latent heat. Overland, the heat sources are greatly reduced or may
be lacking altogether. Hence, the energy balance between heat and frictional
dissipation is upset after the hurricane moves overland. Tt has been suggested
by Bergeron (1954) and Palmen (1956) that the removal of the sensible heat source
(hence alsoc the removal of the latent heat source) is the most important factor
which contributes to the filling process overland. Miller (1963) confirmed the
earlier work of Bergeron (1954) and others in stating that filling stems
principally from the reduction of equivalent potential temperature (0_.) of the
rising air around . the hurricane core. Miller also noted that filling due to
surface friction was of minor importance compared to the removal of the oceanic
heat source. :

Palmen and Newton (1969) state that "Owing to the removal of the oceanic heat
source in the inner region, the baroclinity is reduced since the air ascending in
the inmner cloud wall now has somewhat lower 8_ . As a result, the outward radial
wind component in upper levels is reduced. The previous balance between the mass
inflow is thus temporarily disturbed and pressures rise.”

In this chapter the term "filling™ 1s used in the generally accepted sense. As
discussed by Petterssen (1956}, filling of a center of low pressure refers to an
increase in the central pressure. Petterssen further distinguishes deepening and
£4illing from intensification and weakening: while the former terms apply to the
pressure, the latter apply to the pressure gradient. Changes in intensity or in
pressure gradients are not dependent entirely on changes in central pressure.
Nevertheless, it has been generally assumed that there is a high degree of
correlation between the two facters (e.g., Hess 1945). Recent studies on inner
core structure of mature hurricanes generally support this assumption. Most of
the studies on Atlantic hurricanes based on reconnaissance flight data since the
1940's have focused on the inner core region {(within 1° latitude tadius}. There
i5 a scarcity of upper air data between 2-3° from the center. Frank and
Gray (1980) used compositing techniques to determine an average radius and
frequency of 30-kn winds arcund ctropical cyclones. Merrill (1984) found no
significant correlation of the radii of outer closed isobars with core intensity
in a comparison of large and small tropical cyclones. Weatherford (1985)
examined flight-level wind data obtained by reconnaissance aircraft flown -into
tropical cyclones in the northern Pacific during the period 1980-82. She showed
that the outer strength {as measured by the mnagnitude of winds between 1°- and
3°-1gtitude radius of the storm center) is highly correlated with the extent of
30-kt surface winds, while the core intensity was a far more variable feature.

10.2 TIndex for Overland Filling
In defining climatological hurricane parameters for this study, we assumed a
steady~state hurricane moving -on a censtant course during the time period

required for storm surge computation. Strictly, these assumptions cannot be
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carried through to determine a filling rate for hurricanes over land. However,
transient phenomena of the hurricane core will not be considered. After the
center of a hurricane crosses the coast, the hurricanes' central pressure rises
faster than the change in peripheral pressure and the pressure deficit
decreases. The decreasing intensity of the hurricane affects the level of storm
surge, especially in bays and estuaries. It has been shown that the coastal
surge and the surge producing forces in bays and estuaries vary proportionally
with pressure deficit (e.g., Harris (1959), Ho and Myers (1975)). These
surge-producing forces in bays and estuaries are, mainly, the propagation of open -
ocean surge into the -bay and wind setup. The open coast storm surge increases
with increasing kinetic energy of the wind which acts on the water surface, other
factors being held constant. In a mature hurricane, the kinetic energy of the
wind is approximately proportiomal to the pressure deficit. Hence, the coastal
surge and the propagation of the open coast surge into a bay are approximately
proportional to the pressure deficit in a hurricane. The second major factor in
the bay and estuary rtesponse Is wind setup. The magnitude of the wind setup
effect is also proportional to the kinetic energy of wind for given conditions
and, thus, is also approximately proportional to the concurrent pressure deficit.

Having considered the cause and effect of filling of hurricanes, it is logical
to select pressure deficit as an index in defining the rate of filling
overland. The advantages in selecting such an index is its direct and simple
application to numerical surge models. Its application is, however, restricted

- because the averaging process used in the analyses tends to ignore the

extremes. Recognizing that wind profiles in individual hurricanes do not always
vary with the change in central pressure, the resultant rate of filling is best
utilized in an idealized hurricane model. The user is cautioned against using an
average filling rate For individual hurricane case studies for .the purpose of
replicating storm surge levels, especially in bays and estuaries. :

10.3 Previous Observational Studies

Huberr (1955) observed that filling is most pronounced in the innermost region
of the hurricane. Mallkin (1959) stated that both filling and decrease in
intensity proceed at a lesser rate when the ratic of water to land of the
underlving surface increases along the track. Malkin analyzed the change in
central pressure after landfall of 13 selected hurricanes and evaluated the
average change in pressure gradient after landfall. Schwerdt et al. {(1979)
analyzed eight selected hurricanes which occurred during the period 1957-70 with
central pressure less than 949 mh. They accepted the previous data and analyses
made by Malkin and developed the filling rates in terms of reduction in wind
speaed for 3 different zones along the Gulf and Atlauntic coasts of the United
States. Jarvinen et al. (1985) suggested a quadratric filling rate of central
pressure for hurricanes along the Texas coast and stated that the largest
intensity changes occurred in the most intense storms within the first 6 hours
after landfall.

10,4 Analysis of Data
In this. chapter, the decrease in hurricane intensity after landfall was

determined by using the ratios of pressure deficits at specified times after
landfall (APt) and the pressure deficit at the time of landfall (APC). The
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pressure deficit was obtained by subtracting the central pressure (P ) from the
peripheral pressure (P_). These ratios give the percentage decrease in intensity
and, thus, a rate of filling for hurricanes overland.

In order to determine the pressure deficit, an analysis of 2, and P must bhe
made for the duration of the storm over land. Values of P, were estimated from
3-hourly weather maps. For P_, graphs were constructed showing sea—level pressure
readings from stations with available continuous pressure records during the time
period when a hurricane approached and passed by that station. These pressure
readings and corresponding distances from the storm centetr were used in composite
pressure—distance profiles analyzed at 3-hour 1intervals for a duration of
24 hours after landfall. These profiles were then extrapolated to the storm
center, vielding estimated central pressures at various times.

Observations are taken at regulary reporting stations as well as by many private
individuals and corporations for their own uses. In some cases, this material is
filed with the National Climatic Data Center (NCDC), NOAA's Cooperative Reporting
Networke. Additionally, after many severe storms, surveys are made to obtain
supplementary data that are not routinely collecteds With improvement of the
observational network, analyses of ohserved data have proven to yield fairly good
estimates of central pressure. These analyses, supplemented by analyzed synoptic
maps, were relied on beavily in determining P, of recent hurricanes.

Available data were plotted and a profile was fit to the data by eye. This
allowed meteorological considerations to 1influence the resulting profiles.
Figure 46 is an example of central pressure-time profiles for Hurricanes
Frederick (1979) and Alicia (1983). Both hurricaneés struck the Gulf coast;
Frederick made landfall near the Alabama-Mississippi state line, while Alicia
entered the coast just south of Galveston, Texas.

10.5 Filling Rates by Region

Table 19 shows a list of selected hurricanes which were analyzed individually
ta estimate the dectease in hurricane intensity after landfall. The data sample
of 23 hurricane events was separated into three groups, based on the location
where each hurricane crossed the coast. These regions are shown in Figure 47.
Region A is the area along Gulf coast from Port Isabel, Texas, to Apalachicola,
Florida, region B, the coast of Florida south of 29°N, and regiom C, the Atlaatic
coast Ffrom South Carolina to Rhode Island. Hurricane Camille, listed with other
hurricanes in region A, was both intense and small in size, and had the steepest
filling rate within the first 6 hours after landfall. Tts central pressure rose
from 909 mb to 965 mb in 6 hours, an average increase of more than 9 mbh per
hour. Camille stands out as a special case, presumably representative of the
most intense storms. Since our hurricane sample indicates that there is a
tendency for the more intense burricanes to fill more rapidly, we have chosen to
nrovide separate filling rates for extreme hurricanes.

For region A, Filling rates were determined for each of the six Gulf hurricanes
since 1971, following the procedures outlined in Section 10,4, Figures 48 a and
b show the variation with time after landfall of filling rates of hurricanes
listed in part A of Table 19. The filling rate is the ratio of pressure deficit
at specified times (t) after landfall (AP_) to the pressure deficit at the time
of landfall (APC), or APt/APC. The fifling rate for Hurricane Camille was
adopted from analyses made in an earlier study (Schwerdt et al. 1979). Filling

110




T I T ! T T
1O0S
. 995
~
E
& oas|-
o
o
42}
& o
T g75F
3
i~ ®
“ 9es|
<t
Ll
w
. 955 —
) 9 PRESSURE -~ DISTANCE FROFILES
@ STATION PRESSURE
945 (a)
| | | L | ]
0 3 ] 9 12 _ 15 13
TIME ¢hed
T T i i t !
o
1000 |-
Z 990}k
S
ad
o
=
[4p]
93]
Lt
& 980+
o
4
il
>
Sl
| ‘ o]
I 970 :
0 ® PRESSURE-DISTANCE PROFILES
@ £ RECCNNAISSANCE AIRCRAFT
& STATION PRESSURE
; {b)
360
| a | . i 1 |
Q 3 6 9 12 E5 18

Figure 46.——Pressure profiles

TIME (hr)

after landfall for (a) Hurricane Fraderick,

September, 1979 and (b) Burricane Alicia, August, 1983,

111




Figure 47.-—Map showing geographical regions used to study filling rates.




Table 19.—Selected landfalling hurricanes (1928-1983)
filling rates.

used to estimate overland

No. of State of
Storms Hurricane Landfall Region
Audrey (1957) Louisiana
Carla (1961} Texas
Betsy (1965) Louisiana
Camille (1969) Mississippi A
11 Celia (1970) Texas (Gulf coast from
#Edith (1971) Louisiana Apalachicola, FL
#Carmen (1974) Louisiana - westward)
#Eloise (1973) MW Florida
#Frederick (1979) Mississippi-Alabama
#allen (1980) S. Texas
#alicia (1983) Texas
Sept. 17, 1928 S. Florida B
4 Septe 15, 1945 S. Florids (Florida
Aug. 27, 1949 S. Florida south of 29°K)
Domna (1960) S. Florida :
Sept. 21, 1938 New York
Sept. 15, 1944 New York
Carol (1954) New York C
8 Hazel (1954) North Carolina (Atlantic coast

Gracie (1959)

South Carolina

from South Carolina

Donna (1960) New York northward)
#Balle (1974) New York
#David (1979) Georgia

“# Indicates storms since 1971

rates for other hurricanes prior to 1971 determined by Schwerdt et al. were
checked for consistency by using observed minimum pressure data as previously
discussed. Minor changes were made whenever warranted.

The filling rates at selected time intervals for the 11 hurricanes listed in
Table 19 for region A were averaged to develop a filling rate for hurricanes of
lesser intensity. Separate filling rates for more intense hurricanes were
estimated by taking into consideration this average filling rate and the extreme
filling rate associated with Camille. Tntense hurricanes were arbitrarily
defined as storms with AP_ greater than 85 mb, which have approximately the same
intensity as category 5 hurricanes according to the Saffir/Simpson scale
(Saffir 1977). TFigure 49 shows the filling rate curves for hurricanes with AP
less than or equal to 8% mb, APC equal to 100 mb, and AP_ equal to 110 mb. These
curves have been used to develop the pressure deficits In part (a) of Table 20.
Linear 1interpolation - between values in -Table 20 sshould be used instead of
recourse to Figure 49 to assure a higher degree of accuracy and consistency.

113




ai“a.°
Q14 L
E <
'....
<{ A
o
.B_
09“"
| ollets—T0 - | I | 1 1 l L
0 2 4 6 8 |2 14 ‘IG 18 20

1Q
TIME (hr)

Filgure 48a.——Variatlon with tlae after laadfall of Filling rate of bhurricanes listed in reglon A of Table 19.
Filling rate is expressed in tervus of AP /AP . :




g1l

.2 ] { T i I I I [ I
N /
3l opRE . .
) /X
'/ -~ =)
A @C =
o A Gagoe
ol a®
i |
o
'.....
< _
o
| i | i |
IO 12 14 |6 |8 20

TIME (hr)




=
fo

.3 T ¥ ! | | I ¥ T
04_ 1
A\
o] n ¢
\0 & |
A o
- °
D‘Qc. Q v
+ D “
(4 QEJ -6”“ 7 h
Jdiq &
N
o 4
= (B
g 7+ v .
a |
.8_ I
9} REGION A
; i ] | | 1 1 L 1
0 2 4 6 8 ' 10 2 P4 |6 |8
' TIME  (he)
Flgare 49.—Filling rates for hurricanes of varfous dntensitles for rweglon A {(Gulf coast, wesk

Apalachicola, Florida).

of




Table 20.-~Changes in hurricane pressure deficits due to overland filling

Time After
Landfall .
{hr) Pressure Deficit (mb)
(a) Gulf hurricanes, west of Apalachicola, Florida
0 40 60 80 85 90 a5 100 105 110
2 34 51 68 72 76 78 80 81 a2
4 30 44 59 63 &6 67. 68 69 70
6 26 40 53 56 58 59 60 61 62
8 22 34 45 48 50 51 52 53 54
- 10 20 30 40 42 44 45 46 47 47
12 18 27 36 38 39 40 41 41 42
14 16 24 32 34 35 36 36 38 36
16 14 21 28 30 31 32 32 32 32
18 12 19 25 26 27 28 28 28 28
(b) Florida hurricanes, south of 29°N

0 40 60 80 85 90 95 100 105 110
2 38 57 75 30 85 88 . 90 91 92
4 36 54 70 75 79 81 a2 - 83 84
6 34 51 67 71 75 76 77 78 79
8 32 48 63 67 71 72 73 74 75
10 30 45 59 63 67 68 69 70 71
12 28 42 56 60 63 64 65 o13] 67
14 26 40 53 56 59 60 61 62 63
16 25 37 .50 53 55 56 57 58 59
24 &7 50 52 53 53 54 55

35

{c) Atlantic hurricanes, north of Georgia—Soutbh Carolina state line

— e b e
0N OoyeNO

40
36
32
28
25
22
19
17
15
13

60
54
49
44
39
34
29

.25
22

19

80
72
65
58
51
44
38
34
30
26

85
76
68
61

- 54

47
41
36
31
27

20
31
73
65
57
50
43
38
33
29

95
86
77
68
60
53
46
40
35
30

100

- 90

81
72
64
56
48
42
37
32

105
94
85
76
67
59
51
44
39
34

110
99
8%
79
70
61
53
46
40
35
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Pigure 50.-—Comparison of filling rates for varicus hurricanes crossing the
?lorida peninsula and the filling ocurve for region B frem Schwerdt
et al. (1979)-

Therse were no additional storms that affected region B since 1971. The average
filling rate curve determined by Schwerdt et al. (1978) was adopted after
checking for consistency by comparing AP /AP, ratios for several hurricanes. Mo
attempt was made te obtain separate filling rate curves for each of these
hurricanes because data was scanty. Fizure 30 shows 3 plot of these rarios at
vsrions times after landfall and the fiiling rate curve for region B from
Schwerdt =t al. It is again recommended that £illipng races be obtalned from the
values in Table 20b by linear iatarpolation. Figure 5! shows rilling rate curves
for selected pressure deficit levels in region B.

Figure 52 shows the filling rate at various Cimes after landfall for Hurricane
Hazel (1954) and Gracie (1959). These two hurricanes entered the Atlantic coast,
crossed the Carolinas, and recurved towards the north. Filling rates for a iZ-hr
period after landfall are shown in the figure because both hurricanes hecame
extratropical soon after that period of time. The changes in Iinteasity during
their extratropical stage would not be representative of hurricanes. Only the
rate of weakening for the first 12~-hr pericd, as indicated by the solid line, was
used in this analysis. Figure 52 also shows the rate of weskening for Hurricane
David {(1979) after entering the coast Jjust south of Savannah, Georgia. The
obvious difference between the curves reveals that David had a mich slower
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Figure 52 .,~~Variation with time after landfall of filling rates for Hurricanes
Hazel (1954), Gracie (1959), and Navid (i979).

£illing rate than those of Hazel and Gracie: This can be partially explained by
the fact that David traveled inland, parallel to the coast, with half of the
cvelenic circulation of the storm remaining over water. The heat supply from the
underlying sea acted to minimize the filling process. For this reason, David was
not used in obtaining an average filling rate Ffor Atlantic coast hurricanes.

Figure 53 shows a plot of filling rate versus time after 1landfall for
hurricanes which crossed the shores of Long Island, New York and the New England
states. Data obtained during the first 12-hr peried after landfall were used in
the analysis because these hurricanes were fast moving stprms. In a !2-hr period
after landfall, they would have either moved across the United States border into
Canada or become extratropical. The average filling rates for these hurricanes
agree fairly well with the filling curve for Hurricanes Hazel and
Gracie (fig. 32). Combining both sets of data, we obtained the average filling
curve as shown in Figure 54. Since. region C has not experienced any extreme
hurricanes, this curve was adopted to represent the filling rates of landfalling
hurricanes of all iatensities in this region. Again, linear interpolation from
Table 20 should be used to determine pressure deficits.
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10.6 Results

The lower filling rate curves for regions A and B in Figures 49 and 51 are
applicable to hurricanes with pressurs deficits less than or equal te 85 mb at
rthe time of landfall., For hurricanes with pressure deficits greater than 335 ub,
£illing rates may be obtained from interpolation of pressure deficit values given
in Tables 20a and 2Ch for regions A and B, respectively. There Is no separate
£illing rate determined for hurricanes of rhe most intense category in region C.
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The filling rate for region C, shown in Figure 54, was extended to depict
filling up to 18 hr after landfall, for consistency. One should realize that the
degree of accuracy decays with increasing time after landfall. The curve for
region C is also applicable to areas north of Long Island, New York in order to
include the entire coastline.

Agsuming that the. rate of filling is linear for the first 10-hr period after
landfall, we can draw a straight line joining the point indicating the filling
rate at 10 hr after landfall and the point of origin for each of the thrae
regions. We obtained slopes of .051, 075, and .056 for regions A, B, and C,
raespectively. Linear iInterpolation of the slopes may be used as an aid to
develop intermediate curves in estimating appropriate filling rates for areas
lying between designated regions.

11. APPZICAIION OF HURRICANK PARAMETERS
11.1 TIntroduction

An objective of this report has been to define climatological probébility
distributions of hurricane central pressure (Po), radius of maximum winds (R),
forward speed (T), and direction of motion (8) along the Atlantic or Gulf coasts
of the United States. In some applications of these data —— for example, in flood
insurance studies -- it would be necessary to calculate frequency distributions
of hurricane—induced surges on the coast by combining the analysis of hurricane
¢limatology with the application of a numerical storm—surge model. Also needed
in such application is the overall frequency with which hurricanes enter the
coast in terms of strikes per mile per year, or some equivalent unit, within.
certain discrete distances. The landfall point of a hurricame {s another
parameter needed in a surge-frequency analysis. If storm track is parallel to
the coast, then distance from the coast is needed instead of direction. This
chapter outlines procedures to be followed in selecting bhurricane parameters,
their corresponding probabilities, and the representative storm tracks and
frequencies for surge—-frequency analyses as currently adopted in flood insurance
studies. :

11.2 Landfall Point

The cyclonic wind field of a hurricane usually increases from the edge of the
storm to the highest value at the radius of maximum winds (R) then rapidly
decreases to low values near the center. - There is usually some asymmetry to the
approximately cireular pattern, with the highest winds on the right side as the
storm moves forward. From the geometry of the hurricane wind field patterm, the
maximum shoreward component 1is experienced at s given coastal site when the
hurricane center landfalls approximately at distance R to the left. On -a
straight coast with uniform bathymetry, the highest surge along the coast will be
experienced at this point of highest wind. Variable bathymetry can modify this
location somewhat. Similarly, a bay experlences the strongest winds from a
hurricane of given intensity and lateral extent when the storm track is about at
distance R to the left of the center of the bay, as viewed from the sea.

In addition to the inverse barometer effect and the convergence of wind
affecting surge levels near a storm's center, the major driving force for coastal
surges is the stress of the wind on the water, roughly proportional to the square
of the wind speed. Average wind profiles show that surface winds of a hurricane
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at a distance five times the radius of maximum winds (5R) from the storm center
are less than half of its maximum magnitude (Schwerdt et al., (1979), chapt. 13)
and the magnitude of the corresponding peak surge heights are only about
25 percent of the peak. Except for the most intense storms, hurricane-induced
surges of any significant level would not affect the coast if the hurricane made
landfall at a distance exceeding 5R to the left of rhe point of interest or at a
distance of more than 3R to the right. The distance 3R is cheosen because coastal
surge heights drop off much more rapidly to the left of the landfall point,

11.3 Peripheral Pressure

The linkage between the c¢limatologically—defined hurricane central pressure
(P, ) and the pressure deficit (AP) used in a storm—surge model is the peripheral
pressure (P Je - P, is used to compute the pressure deficit (AP = P - P ) which
is a ueasure of the intensity of a hurricane. P, is frequently considered the
average pressure around the hurricane where the isobars change from cyeclonic to
antieyclonic curvature. This pressure occurs at a distance from the storm center
near where storm inflow begins and, therefore, has physical meaning. In this
study, P, is wused in conjunction with climatologically determined hurricanes.
The use of a climatological mean value for P, is considered adequate for this

purpose.

Sehwerdt et al. (1979) described several techniques for evaluating P, and
indicated that there is no significant variation of P with latitude. They
compiled peripheral pressures for Gulf and Atlantic coast hurrlcanes with P less
than 982 mb since 1900. The average value of these given peripheral pressures is
1013 mb. We recommend that this climatological mean value be adopted as a
representative peripheral pressure to compute pressure deficits in stormsurge
frequency amalysis.

11.4 Probability Distributions of Hurricane Parameters
and Frequency of Occurrence

This chapter describes the application of hurricane parameters needed to
calculate storm surge Jlevels on the coast. The assessment of probability
distributions of these parameters assumes a steady-state hurricane moving on a
constant course during the time period required for storm—surge computations. The
averaging process along the Gulf and Atlantic coasts assures a smooth continuous
variation of individual parameters along the coast. Exceptions to these basic
assumptions and specific treatment of discontinuities have been discussed in
preceding chapters. These include frequencies of landfalling tropical cyclones
for the Florida Keys (sec. 6.2), refinements in alongshore hurricane track counts
and probability distributions of landfalling storms for the North Carolina coast
(sec. 5.4), frequencies of exiting storms (sec. 6.3), and filling of storms as
they pass overland (chapt. 10). The procedure to estimate probability distribu-
tions of hurricane parameters for exiting storms will be discussed further in
subsequent paragraphs.

The probability distribution of P_ is determined for landfalling troplcal
cyclones (sec. 7.3). There is no reason to believe that the pressure distribution
of alongshore storms would be different from that of landfalling storms because
both classes of storms experience an area with climatologically similar atmos—
pheric and sea-surface conditions. Hence, this probability distribution of P
can alsc be applied to alongshore storms. The probability distribution of R 1s
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assumed to be the same Ffor the landfalling, bypassing and exiting categories of
storms. Probability distributions for direction and speed of storm motion for
landfalling storms are given in Chapter 9. TFor alongshore storms, the direction
is, by definition, assumed to be parallel to the coast and the probability
distribution of forward speed is assumed to be the same as for landfalling
hurricanes.

The frequency of tropical cyclone occurtence is defined as the mmber of tracks
per year per nautical mile of a smoothed coast for each of the landfalling and
exiting categories of storms (chapt. 6). Figure 27 depicts variation of
frequencies of landfalling tropical cyclones along a smooth coastline. We have
implicitly smoothed out the coast while smoothing out the accidental landfalling
points of storms. A stretch of the coast that turns sharply in a direction
almost parallel to that of the predominant storm motion is less exposed than

~adjacent coastal segments more normal to the track direction. For areas where

the coast turns abruptly, such as the Mississippi Delta, Apalachee Bay, and the
tip of Florida, special consideration must be given in, using the generalized
results in this report. An example of the treatment of a discontinuity in land-
falling storm frequencies at Cape Hatteras, North. Carolina, is discussad in
Section 5.4. In areas where variations of frequencies along the coast are large,
the effects of the steep gradient of hurricane frequencles along the coast on
resultant coastal surge frequencies must be considered (see examples given in the
following section). :

For alongshore hurrlcanes the bypassing distance is a significant parameter

.instead of the landfalling point discussed Iin Section !1.2. The frequency of an

alongshore hurricane event is treated in the same way as the landfalling storms,
except that the frequency is defined as the number of storms per year passing
through a given distance interval along the line perpendicular to the coast. 1t
is the counterpart of the frequency per year for landfalling storms multiplied by
the lemgth of coastal segment, determined by the spacing of storm tracks for
computations. The application of this is further discussed in the following
section. Figures 31 and 32 depict the variation along the Gulf and Atlantic
coasts of tropical cyclone tracks bypassing the coast at sea. These figures give
accumulated track count at selected intervals from the coast. With this
information, plots of the cumulative count of tracks versus distance from the
coast can be constructed for any coastal point. Figure 55 is an example of the
accumulated track count plotted against distance from the eoast for Vero
Beach, Florida. The difference in accumulated track count between two peoiats
read off the graph gives the number of storms, per 100 years, crossing the given
distance 1interval. It 1is advisable to wuse small distance intervals near the
coast, using the selected R values for landfalling storms as a guide. This would
ensure that the effect of maximum winds on coastal waters would maximize
generated surge levels. '

The frequency of tropical cyclones bypassing the coast overland is not treated
ag such in this report. First, these storms tend to weaken after traversing over
land and the surge frequencies resulting from these storms are usually not
significant (see for example fig. 29). Second, the contribution of thisg class of
storms to surge frequencies varies greatly in different localities. Coastal
surges of significant levels can be produced by such storms in areas near the
Outer Banks of WNorth Caroclina and in the southern portion of the Florida
peninsula. For the treatment of this class of storms in North Carclina, the
reader is referred to the report by Ho and Tracey (1975). The North Carolira
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coast for Vero Beach, Florida (milepost 1600).




study may be used as a guide for the Florida peninsula area. A good example of
these storms in Florida is the hurricane of October 1950 which entered the coast
of south Miami and moved north-northwestward over the entire length of the
peninsula. 1Its inteusity weakened to that of a tropical storm after passing near
Orlando, Florida. Another hurricane that entered the southern tip of Florida and
weakened rapidly while moving northward is the hurricane of 1935. It was the
most intense Atlantic hurricane ever recorded (P = 892 mb while crossing the
Florida Keys). It weakened to minimal hurricane intensity (P0-= 960 mb) by the
_time it crossed the northern Florida coast, near 30°N. - Hurricanes that move
northward over the Florida Peninsula seem to fill faster than hurricanes that
cross the peninsula in a east-west duration. 1t should be noted that the filling
‘rate in Chapter 10 for Florida should not be applied to this class of northward
moving hurricanes. The treatment of such tropical cyclones passing the coast
inland needs further investigation.

- 11.5 Applications of Profiles.of Probability Distributions
for Hurricane Patrameters

Hurricane parameters for storm-surge frequency computations .can be obtained by
constructing cumulative probability curves for each of the hurricane parameters
from smoothed alongshore graphs. Table 21 itemizes the information needed by the
user. TItems 1-4 are information to be listed for identificatiom. Item 5 1ists
. the meteorological information needed for surge-frequency computations and where

it can be found in this report. WNumerical values to be filled in (5a through 5j)

are hurricane parameter values for designated percentiles and frequencies read
from the appropriate figures for the location {milepost) listed in Item 4. Using
these wvalues for the designated percentiles; the full range of individual
parameters of climatologically possible hurricanes that can make landfall at the
point of interest can be determined. The cumulative oprobability ecurve, thus
ohtained, is then divided into class intervals that can be used in frequency
computations. '

In storm-surge frequency analysis, landfall points should be selected by taking
into consideration the lateral extent of the coast affected by an individual
hurricane. Based on the geometry of the hurricane wind field, as discussed in
 Section 1.2, we recommend that the coastal area of influence for the purpose of
surge computations be limited to a distance 3R to the left and 3R to the right of
the point of interest. Hurricane tracks crossing landfalling points at 10-25 omi
intervals should be considered in estimating overall surge levels. The computed
peak surge at the point of interest for a given storm passing along each of the
selected hurricane tracks is assumed to be representative of a "surge event” that
could occur within the distance interval (10-25 nmi) between two landfalling
points. Hence, the selecrion of track spacing should be guided by (1) the
alongshore gradient of the bathemetry, (2) the storm size and {3} the
configuration of coastal areas. For example, tracks spaced at larger distance
intervals may be specified ™ for a straight coastline with uniform bathymetry while -
computation for storms crossing landfalling points at close intervals would be
needed to produce representative surge levels on the shorelines of bays and
estuaries. To obtain the frequency of this “surge event” multiply the frequency
of landfalling storms (storms/mmi/yr, given in item Sh of rtable 21) by the
selected distance interval between landfalling points.
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21--Summary sheet of information needed

frequency computations
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[fig. 27]
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After completing the appropriate number of Fforms Ffor the coastal area of
interest, the information can be used to reconstruect. cumulative probability
curves for the parameters that describe the climatologically possible hurricanes
for each of the selected locations. TIntermediate cumulative probability curves,
if required, may be estimated using linear interpolation. The reconstructed
cumulative probability curves will provide wvalues for any selected percentile
within the full range of individual parameters. Intermediate curves will insure
a smooth transition from one location to the next.

Table 22a 1is an example of a completed computation form for storm—surge
frequency analysis at Vero Beach, Florida (milepost 1600). Tables 22b and 22c¢
contain similar information for locations located 50 nmi to the north and south
of Vero.Beach, respectively. Figure 56 shows a plot of cumulative probability
curves of PO for the three loecations. Curves for intermediate locations can be
determined bv linear interpolation. It should be noted that the lowest 1 percent

of PO for Vero Beach and the lowest 2 percent of P0 for the location 50 ami to
the south (fig. 56) fall into the intense hurricane categorv. As discussed in

Section 4.5, these hurricanes should have an assigned R of 13 ami. Similarly,
cumulative probability curves can be plotted for the other parameters.

 Figure 55 shows a plot of cumulative frequency of bypassing hurricane tracks
versus distance from the coast for Vero Beach. The accumulated track counts for
selected distances from the coast are taken from Item 5§ of Table 223, A smooth
line was then drawn by eye joining the data points. From this curve, the
frequency of bypassing storms within the first 10 nmi of the coast is 0.0170
storms/yr, the number of storms passing the distance interval of 10-30 omi is
(0.0575=-0.0170) 0.0405 storms/yr and the track count for the distance interval of

30-=75 nmi is (0.1600-0.0575) 0.,1025 storms/vyTe. Simjilarly, frequencies withia

other distance intervals may be obtained (e.g., table 23},

The next step in determining hurricane probabilities requires that the hurri-

cane parameters be divided into eclass intervals for the landfalling storms and.

that the mid-point value of each class interval be determined. The size and
number of intervals cannot be specified a priori, but must involve Jjudgment that

- considers factors that can vary from site to site; an example for PO is given in

Figure 57. It should be noted that Figure 57 shows only the fraction of all
hurricanes with intensities below certain levels and makes no reference to
frequency in terms of events per vear. For storm-tide frequency -computation,
this continuous distribution could be divided into five c¢lass rintervals, each
represented by the pressure deficits at the wmid-point of the class interval.
This computational probability distribution is indicated by the dashed line on
Figure 57. For computation purposes, the hurricanes ave treated as 1if the most
severe 1 percent all had pressure deficits of 95 mb, the next 6 percent had a
deficit of 84 mb, the next 12 percent a deficit of 70 mb, the next 40 percent a
deficit of 45 mb and the last 41 percent a deficit of 19 mb. These class
intervals are representative wvalues and their corresponding probabilities are
listed in Table 23. 1t is of interest to note that these class intervals are not
equally spaced. - Closer intervals are used for parameters associated with intense
hurricanes. Higher surge levels produced by the intense hurricanes contribute to
the 100-yr or higher tide frequencies. Similarly, cumulative probability curves
for other parameters can .be divided into class 1intervals, and wvalues for
designated percentiles are listed in Table 23.
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Table 22a3—S5ummary sheet for Vero Beach, Florida

l. Geographic location Vero Beach, Florida

2. Latitude 277 39" N
3. Longitude 80° 27' w
be Milepost [fig. 1] 1600

5., Hurricane parameters

Percentile
1 5 13 30 50 70 90
a. Central pressure (PD) [fig; 35] 9213 931 {945 [958 977 1990 | 997
b. Pressure defieit (1013-P ) 921 8 | h8 | 553 36 23] 16
Percentile
3 290 40 60 30 95
¢. Forward speed (T) [fig. 41] 3.5 1 6.5 18,5 110.6113,0116.3
Percentile
5 16.67 530 [83.33 95
d. Direetion (8). [fig. 44] 055 | 087 | 118 i 133 | 133
e. Coascal orientatiom 020 020 020 | -020 | 020
f;‘ Angle of approach (d-e) 0351 067 | 098 115 133
g, Radius of maximum winds (R) [fig. 38] 5.5 11,0 | 18,0 [28.0 {37.0
h. Frequency of landfalling storms 0.76 storms/10 nmi/100 vr, or
0.00076 storms/ami/yr
i. TFrequency of exiting storms 1.20 storms/10 nmi/100 vr, or
(fig. 23]
0.0012 storms /omi/vT

j. Freauency of alongshore stotms {accumulative counts) [fiz. 32]

Distance from Frequency Fraquency Fragueney within
coast (nmi) (storms/100 vr) {storm/vr) distance intarval
10 1.70 0.0170 0.0170 {0 = 10 nmi)
20 3.30 0.0330 0.0160 (10~ 20 nmi)
30 5.75 0.0575 0.0243 (20= 30 nmi)
50 10.00 0.1000 0.0425 (30- 50 ami)
75 16.00 0.1600 0.0600 (50~ 75 nmi)
100 24.00 _ 0,2400 " 0.0800 (75-100 ami)
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Table 22b—Summary sheet for 50 mmi north of Vero Beach, Florida

1. Geographic location

Vero.Beach + 50 nmi

2. Latitude 28° 30' N
3. Longitude 80° 42' W
4. Milepost [fig. 1] 1650
5. Hurricane parameters
: Percentile
1 5 15 30 50 70 a0
as. Central pressure (PO) {fig. 35] 925 {935 {949 {963 | 981 | 991 | 997
be Pressure deficit (1013-P0) 38 78 64 50 32 22 16
Percentile
5 1 201 40| 60 30 95
c. Forward speed (T) {fig. 41} 3.816,8 8.8 (11.,0(13.2{16.5
Percentile
3 16.67 50§ 83.33 95
ds Direction (8) [fig. 44] Q44 076 {115 131 |- 153
e. Coastal orientation 000 | o000 | 000 | o0oo | ooo
f. Angle of approach (d-e) 044 n76 115 1 131 153
g« Radius of maximum winds (R) [fig. 38] " h.3 | 11.5 19.0 28.8 3745
h. Frequency of landfalling storms 0.74 storms/10 nmi/I100 yr, or
[fig. 27] .
0.00074 storms/nmi/yr
i. Frequency of exiting storms 1.65 storms/10 nmi/100 yr, or
[fiz. 28]
0.N0165 storms/nmi/yr

i« Frequency of alongshore storms {accumulative counﬁs) [fig. 32]

Distance from Frequency Frequency Freguency within
coast {nmi) {storms/100 vyr) (srorm/vr) -distance interval
10 ' 1.36 0.0136 0.0136 {0 = 10 nami)
20 241 0.0241 0.0105 (10- 20 nmi)
30 4.32 0.0432 0.0191 (20~ 30 nmi)
50 8425 0.0825 _ 0.0393 (30~ 50 nmi)
75 14,10 0.1410 0.0585 (50~ 75 nmi)
100 22 .60 -0.2260 . 0.0850 (75-100 nmi)
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Table 22c——Summary sheet for 50 miles south of Vero Beach, Florida

1. Geographic location Vero Beach — 50 nmi
2. Latitude 26°% 34" N

3. TLongitude 80° 11" W

4, Milepost [fig. 1} 1550

5. Hurricane parameters

132

Percentile . .
1 5 15| 30 50 70 90
a. Central pressure (PO) [fig. 35] | 916} 927 | 941 [ 955 {974 | 989 | 996
he Pressure deficit (1013—?0) 97 86 72 58 39 24 17
Percentile
5 20 40 60 80 95
ce .Forward speed (T) [fig. 41] ' 3.4 6.5 18.5110.5112.81{16.2
Parcentile
5 16.67 50 | 83.33 95
de Direction (8) [fig. 44] ‘ 059 | 093 120 | 142 155
e. Coastal orientation : 020 020 020 020 020
f. Angle of approach (d-e) 539 [ 073 .| 100 | 122 135
g« Radius of méximum winds (R) [fig. 38] 5.0 | 10.0 |17.5|28.0 |37.0
h. Freguency of landfalling storms 0.97 storms/10 nmi/100 yr, or
{fig. 27] o
0.00097 storms/nmi/yr
i. Frequency of exiting storms 0.90 storms/10 nmi/100 yr, or
[fig. 28] _ . _
0.00090 storms /nmi/yr
Ja Fréquency of alongshore storms (accumulative counts) [fig. 32]
- Distance from Frequency Fregquency Freguency within
" coast (nmi) - (storms/100 vyr) (storm/yr) distance interwval
10 234 7 _ 1 0.0234 0.0234 (0 -~ 10 nmi)
20 4,02 0.0402 : 0.0168 (10— 20 nmi)
30 7.10 0.0710 0.0308 (20- 30 nmi)
50 , 12 .50 0.1250 0.0540 (30~ 50 nmi)
75 ) 18.50 - 0.1830 0.0600_(50- 75 nmi)
100 25.80 ' 0.2580 0.0730 (75-100 nmi)
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EXCEEDANCE PROBABILITY
igurs 56.-—Cumuiative probability curves of 2, for designated locations.

The parametars adopted for Vero Beach, Plorida, in Table 23 represent five
pragsure deficit categories, four R categories, three T categories and three
8 categories. Thess factors are considered statistically independent sxcept that
the four R's are not the sgame for all pressure deficit categories, g small value
heing used with the clsss intarval of most inranse pressure deficits in line with
the discussion in Section 4.5. Thus, in Table 23, the most intense hurricanes
{1 percent of total count) are assumed to have an R of 13 aomi. The R's for
wezker storms cover the £full range of values. Feor these storms, the R class
intervals need not be equally spaced. One needs to consider an agppropriate class
interval for the critical range of R near 30 mmi. This 1is hecause of the
importance of the dvnamic effect of winds near R on the surzse calculation. For a
hurricane with constant iatensizy crossing the continental shelf of average
wideth, the induced peak surge reaches 1its maximum value for R at or slighrly
zraater than 30 nmi. Similarly, there exists a criticzl motion relative to a
coast that zives the highest possible surge under aay given set of condicions.
The critical speed generally is greater than 25 kn. Thus, the fastest moving
storms, espécially if théy are 'large and moving directly ctoward the coast, pose
the greatest . hazard. Appropriate class intervals shtiould a2lso be designated for
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Table 23.--Tropical cyclone parameters Vero Beach, Florida

AP = Pressure deficit (mb)

P AP . p R .. p T p & D

(aB) (mb)  © (omi)  © (kn) " (deg.) °
Landfalling

913 95 0.0l * 3.7 0.30 040 D.18
929 84 0.06 11,0 04333 3.5 0440 083 0.40
943 70 0.12 18.0 0.333 14.0 0.30 112 Dedd
968 45 0.40 28,0  0.333

394 19 0.41

Landfalling storm frequency = 0.00076 storms/ami/vr.

* R =13 nmi is assigned a probability of 1.0 for o < 920 mb.

Exiting

950 83 0.07 13.8 1.3 3.8 0.3 067 1.0
961 52 0.12 23.5 0.5 18.0 0.5

380 33 0.40

999 14 0.4l

Exiting storm frequency = 0.0012 storms/nmi/yr.

_ Alongshore
L 7. R Py T Pr

{ami) (storms/vr) (nmi) {kn)

5.0 0.017 13- .5 7.0 .3 Py, AP, and P, are
15,0 0.016 5 .5 12.3 o3 the same as those
23.0 0.024 for landfalling
40.0 0.042 storms
82 .5 3.060

P, = Central prassure (mb)

p; = Proportion of total storms with indicated AP value

R = Distance from center of storm to prinecipal belt of maximum winds (nmi)
P, = FProportion of storms with indicated R value

T = Forward speed of storm {kt)

P = Proportion of storms with indicated T value

SL = Direction of entry or exit, measured clockwise from the coast (degz.)
Py = Proportion of storms with indicated BL value

L = Distance of storm track from coast (nmi)

F = Frequency of storm tracks crossing a line normal to coast

(storm tracks/yr passing through the interval centered at L)
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Figure S$7.——Cumulative probability curve for pressure deficit at Vero
Beach, Florida. Dashed lines shown selected class intervalsa. '

the critical range of speed and direction. The direction of approach, B8°, was
salected (table 23) to represent che most ecritical range of diresctioms which
would produce the highest coastal surge if other factors wera the same.

In Table 23, the most intense landfalling hurricane class interval {l percent
of the total) is assumed to have an R of 13 nmi and one third of each class of
less intense hurricanes are assumed to have R's of 11, 18, and 25 nmi. The P
and R categories for landfalling storms given in Table 23 define 13 diEferent

hurricanes {QCP) X 3(Rr) + (PO = 918 and R = 13)]. The probabiliry of each of
- these is obta1ned by multiplying the rvespective probabilities in the tabl The
sum of the probabilities of the 13 hurricanes, of course, scuals l. and R are

statistically indevendent of 8 and T. Thus, the patameters for 1andralflnc storms
defines 117 different hurricames (13 X 3(T) ¥ 3(8)). <Each of the 117 discrete
storms represent. a portion of the probability domain, the probability of each



storm is obtained by multiplying the four parameter probabilities. For example,
the preobability of having a hypothetical hurricane with B, = 929 mb, R = 18 nmi,
T = 9.5 kn, and BL = 880, iS 0.0032 (0006 X 0.333 X Oo‘ﬁ' K 0.4)-

11.6 Exiting Tropical Cyclones

The intensity of exiting storms generally decreases because the overlamd tra-
jectory reduces the energy supply (see chapt. 10). Central pressure data observed
ovar the ocean in landfalling and alongshore storms may not be used to estimate
the probability distribution .of P, for exiting storms. Because of insufficient
data sample size, no attempt was made to construct cumulative probability curves
of hurricane parameters for exiting storms based on obhserved data.

As .previously  indicated (sec. 6.3.2.3), exiting storms normally contribute
little to the overall frequencies of storm surges, except for the Florida
peninsula. Storms exiting the east coast of Florida frequently come from the
southwest. Plots of cumulative probability curves of landfalling direction along
the west coast of Florida show a median direction of about 227° {(from north)
along most of the coast. The median direction for storms crossing the Florida
peninsula from the Atlantic to the Gulf varies from 110-130° (from north). The
typical translation speed of these storms is about 10 kn (see figs. 40 and 41).
Using the median landfalling direction on the opposite coast, and assuming that
the storm direction remains constant as it crosses the peninsula, a
representative overland storm track can be determined for exiting storms. The
next gstep Is to estimate the time it takes the storm to cross the peninsula,
using the median landfalling speed, which is also assumed constant. This time can
be used to determine filling-rate factors (sec. 10.5) that can be applied to the

P distribution at the landfall point. The modified PO distribution is then used
to approximate the PO distribution for exiting storms.

Except for Po* we assume that there are no changes in other parameters as
storms crossed the Florida peninsula. Cumulative probability curves developed for
R, T, and ® at the point of landfall are applicable to storms exiting the
opposite coast. For expediency and economic considerations it will usually be
sufficient to assign two class intervals Ffor each of the R and T distributiocns
and four intervals for P, (e.g., see table 23). The direction of storms exiting
the east coast of Florida may be represented by 227° from north since the range
of probable direction of exit is so small. Two class intervals for directions of
storms exiting the west coast of Florida are recommended by assigning 50 percent
probability each to the directions of 073° and 116° from north. Because of
infrequent occurrence of storms exiting north of Tampa Bay on the west coast of
Florida, it should not be necessary to attempt to define exiting storm parameters

to the north of this point.

12. SUMMARY AND DISCOSSION

This report presents an analysis of the geographical distribution of major
hurricane and tropical storm factors useful for flood insurance studies. Each of
these factors influences the ability of the storms to produce storm tides. This
raport provides a climatology of hurricane factors needed for surge~freguency
analyses and information useful for storm—surge modeling. Because our purpose
was to develop climatological data in a probabilistic sense, judicious smoothing
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Table 24.—-Data used in this report for ptobabii’ity’ an_:taljses

Climatological Data :
Characteristic . Source Application Figures
Storm frequency Tropical cyclone tracks - - Tropical cyclones 27, 28,
(landfalling, of the Worth Atlantie ' : 31, 32
alongshore, Ocean, 1871-1984 :
exiting)

Central "~ Tables 1 to 3 (hﬁrricanes Tropical cyclones* 34, 35
pressure with P <982 mb since 1900)

Radius of Tables 1 to 3 (hurricanes Hurricanes 37, 38
maximum winds with P0<982 mb since 1900)

Direction and Tropical cyclone tracks of Tropical cyclones 40, 41, 43
speed of forward the NWorth Atlantic Ocean, N 44, 45

motion 1900-84, 'HURDAT' tape

* . . .
Cumulative probability curves for central pressure, based on hurricane data,
were extended to include tropical storms. :

was employed along the Atlantic and Gulf coasts and across the frequency spectra
to eliminate the effect of sampling fluctuations. Results of our analyses are
given in figures and tables with brief definirions and explanations. The figures
depicting coastal profiles of probability distributions for selected percentiles
give ranges of climatologically defined hurricane parameters. Users should
determine for their particular application the critical class intervals within
these ranges. ' '

Table 24 summarizes the data sources and the classes of tropical cycloues
represented. These are not the same for the all factors, for the reasons stated
in the report. ' '

12.1 Frequency of Tropical Cyclone Occurrences -
The frequency of landfalling, exiting, and b&passing tropical - cyclones were -

summarized in Figures 27, 28, 31 and 32, respectively. Of the three classes of
storms, the most significant factor for storm—surge frequency computations is the

frequency of landfalling storms. Coastal wvariation of landfalling storm
frequencies is most rapid along the Atlantie coast of Florida and along the North
Carolina and Virginia coasts (fig. 27). This steep gradient of hurricane

frequency . contributes to the potential for significant differences in the
magnitude of resultant coastal surge frequencies in adjacent locations along
these portions of the coast. Frequencies of alongshore storms are generally
small (negligible) for most of the Gulf coast and, except for portions of the
west coast of Florida, contribute little to the overall tide frequencies. High
frequencies of exiting storms occurred on the Atlantic coast near Jacksonville,
Florida and just north of Cape Hatteras. Exiting storms generally produce lower
storm surges and they are usually weaker than landfalling or alongshore storms
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for the same latitudes. Their contribution ¢to the overall storm—surge
freauencies is negligible in most cases. Because of <coastal orientation,
frequencies of landfalling storms are not continuous from Cape 3able, Florida, to
the Florida Kevse Our treatment of the analvsis in this area is discussed in
Section 5.2.

12.2 Probability Distribution of Storm Parameters

Analysis of the data led to a set of graphs depicting the prohability
distribution of central pressure, radius of maximum winds, forward speed, and
direction of storm motion. The central pressure distribution (figs. 34 and 35)
is for tropical cyclénes and is broken down for illustrative purposes into seven
probability levels (percentiles) ranging from 1 to 90 percent. The probability
lavels were selected at intervals sufficiently close for the purpose of
raconstruecting smooth cumulative probability curves and should not be considerad
as a guide’ in selecting the number "~ of class intervals appropriate £or
computational purposes. '

Probability levels vranging from 5 to 95 percent were selected to depict the
full range of other parameters (R, T, 8). The distribution for the radius of
maximum winds (figs. 37 and 38) was derived from hurricane data only, and is
illustrated fcr five selected probability levels. The resulting probhability
distribution mav be considered applicable Ffor hoth hurricanes and trovical
StoImS. The forward speed distribution (figs. 40 and 41), based on tropical
cyclones landfalling on the United States coasts, is illustrated for six selectad
probability levels. This distribution is also adopted for alongshore storms, as
discussed 1in Section 1l.4. The direction of sterm morion distribution  for
landfalling tropical cvelones is illustrated for Ffive probability levels in
Figures 43 {(Gulf) and 44 (Aetlantie c¢oast, south of Cape Hatteras). BRecsuse of
the very limited aumber of srtorms affecting the Atlantic coast north of Capae
Hartteras, onlv three probability levals are given for direction of storm motion
for this porticn of the coast {fig. 43). '

12.3 TIndependence of Parameters

The parameters presented in this study can be cousidered statistically
independent, except for central pressure (P ) and radius of maximum winds (R).
Limited historical data indicate that hurricanes with central pressure below
20 ‘mb have small R's. ‘Hurricanes with large R's are nearly alwavs of moderats
or weak intensitv, but not all the weaker storms have larze R's. Establishiag
the joint oprobability of two factors with a degree of reliabilicy requires a much
larger sample of data than that available in Tables 1 to 3. For this reason, we
specify R values for only the most intense hurricanes (sec. 4.3).

Observations show that aleongshore hurricanes generally move at a faster speed
than landfalling hurricanes at the same latitude. The differences in forward
speeds (T) were presumably related to the direction of storm motioun, 3,
(accarding to TR 15). There was no detactable interrelation between T and 9 for
landfalling hurricanes found in sctatistical tests of the present study. The
small sample size does not allow us to establish any interr=lation between T and
8 for alongshore storms. With increased data in future vears, it would he of
interest to re-examine this relarionship,

._J
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It is generally believed that hurricanes striking the Florida Keys from an
easterly direction are more intense than hurricanes coming from the southwesterly
direction. The data. sample for - that area is not sufficient for us to
statistically establish an interrelation of PO and 9 for landfalling stotrms. A
similar situation exists in the area north of Cape Hatteras, North Carolina. 1In
the latter case, separate P probahbility distributions were .evaluated for
tropical cyclones coming from the northeasterly and southeasterly directions (see
chapt. 5). Segregating.the sample into:subgroups would take care of the inter—
dependence of P and B8 for this particular area., This approach may be used to
deal with similar problems in other regions.
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APPENDIX A

Detailed Analysis of Selected Storms
A.l Introduction

Data for storms that have occurred since TR 15 and are included in Tables 1 to
3 were based on consideration of research work done by others and our own
detailed analyses. This Appendix provides examples of the analyses leading to
development of the parameters used in this study. The first storm discussed is
Hurricane Alicia, which is representative of Gulf .storms. We then discuss
Hurricane David which affected the Atlantic coast. David was also used in
Chapter 4 to examine the relation between P_ and R. Finally, we conclude with. an
examination of Hurricane Allen.  Allen was used in Chapter 4, and is an example
of an intense storm undergoing a number of strengthening and weakening cycles.

A.2 TFBurricane Alicia, August 15-21, 1983
A2 .l Infroduction

Hurricane Alicia was the first hurricane since Carla (1961) to cause extensive
_damage in the Houston-Galveston, Texas area (estimated at 1.8 billion {1983]
dollars). By hurricane standards, Alicla was only a medium sized hurricane that
reached a minimal category 3 status (based upon the Saffir/Simpson: scale) at
landfall. Carla was a much larger and more Intense hurricane than Alicia, but
Alicia struck a highly urbanized coastal area. Alicia caused more damage than
Carla — the estimated total damage of nearly 2 billion dollars is the largest
dollar damage ever recorded for a hurricane striking Texas. If a hurricane the
size and strength of Carla were to strike close to the Galveston Bay area todav,
the losses have baen estimated to be two to three times more than those caused by
Alicia (Case and Gerrish 1984). ' '

While the analyses described in this Appendix can provide useful information on
a single storm event for calibration of hurricane surge -computation using a
numerical model,  the purpose of the analyses was to specify climatological

hurricane parameters. These are central pressure, speed and direction of Forward

motion, and the radius of maximum winds.
A2 .2 Previocus Reports

The National Hurricane Center provided a description of significant features of
all Atlantic tropical storms that occurred during 1983, including Hurricane

Alicia, in the Monthly Weather Review (Case and Gerrish 1984) and in the National

Summary of Climatic Data (National Hurricane Center 1983). These publications
also included a smoothed “best" track for Alicia. The NHC publication on annual
data and verification rabulation for the 1983 Atlantic tropical cyclones (Clark
and Staff 1984) also includes a 1list of Alicia's center-fix positions obtained
by aerial reconnaissance penetrations, satellite Iimages, and land-based radar.
The hurricane's central pressure, maximum winds and other data observed by
reconnaissance aircraft are also included in that report. Meteorological data
collected at data buoy stations in the Gulf of Mexico can be found in the report
"NDBC Observationms During Hurricanes Alicia and Barry, 1983," published by the
NOAA Data Buoy Center (1984).
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Lambeth (1983) provided 3 summary of available information about Hurricane
Alicia. It included maximum wind, minimum pressure, and times of occurrences of
both, reported from regular reporting stations and other sources, including the
Texas Air Control Board (6 stations), Houston -Regional Monitoring Corporation
(12 monitoring stations) in the Houston-Galveston area, and the Dow Chemical
Plant in Freeport, Texas.

- Marshall (1984) used surface windspeeds recorded during the passage of Alicia
to estimate Ffagstest-mile windspeeds at 10 m above ground and compared these
speeds with recommended windspeed criteria for the design of buildings and other
permanent structures. Powell et al. (1984) described the asymmetric character of
the windfield in Hurricane Alicia and the changes in the winds during landfall.
They found that the strongest surface and flight-level winds showed 2 close
relationship to the precipitation structure of the storm as depicted by radar.
Willoughby {1985) alsc described the evolution of Alicia's windfield as the
hurricane made landfall.

_ The Galveston District of the U.S. Army Corps of Engineers (1983) evaluated

~storm damage caused by Alicia and published summaries of hydrologic, meteorologic
and damage data. Garcia and Flor (1984} compiled coastal and inland tide gage
data and high-water marks associated with Hurricane Alicias. They also included
wave data and wave spectra in their report.

A2 3 ‘Soufces of Data

The reports discussed in the previous section were used to the maximum extent
possible in the present study. We also examined original records to ensure the
accuracy and completeness of this study and to enable us to provide more detailed
information on track position, speed, central pressure, etc. This permitted us
to perform the most comprehensive and detailed analysis vet developed for
meteorological factors associated with Alicia and important to storm-surge
modeling. ’ ’

The basic information was obtained from the regularly reporting network of
weather stations operated by NWS, NOAA and the military services. These reports
are maintained at the National Climatic Data Center in Asheville, North Carolina.
Supplemental data, available in the NCDC archives, included ship observations,
radar observations, radiosonde records, reconnaissance flight data and satellite
observations.

In addition, meteorological data collected by research aircraft of NOAA's
Office of Airecraft Operations (CAQ) were processed by computer and stored on
magnetic tapes at the Hurricane Research Division (HRD) of NOAA's Atlantic
Oceanographic and Meteorological Laboratory (AOML) in Miami, Florida. This
information was made available to us for this report. A detailed description of
the <collection of meteorological information by aircraft, inecluding the
instrumentation, . its calibration, and reliabilities, has been included in
Hawking et al. (1962). A more recent discussion of the calibration and
instrumentation of present—-day NOAA research aircraft can be found in other
publications (e.g., Merceret et al. 1980). Availability of airborne research
meteorological data collected by HRD/AOML are included in Friedman et al. (1982,
1984), . ' : ‘
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A2 .4 General Meteorological Situation

The system which developed into Hurricane Alicia on August 17, 1983, initially
formed in the northern portion of the central Gulf of Mexico. This system
{ntensified into a tropical storm around mid-day of August 13 and drifted
wegstward for the next 24 hours. Surface pressures ware high over the Gulf -of
Mexico and remained high during the early stages of the storm's development.
Several ships located near the storm reported pressures of 1015 to 1016 mb late
on the 15th. During this time the storm remained quite small and generated winds
stronger than usually observed 1in storms with -similar wminimum centrral
pressures. Alicia turned roward the west-northwest on the afternoon of August 16
and attained hurricane intensity on the morning of the 17ths Hurricane Alicia
moved northwestward at the a steady pace and crossed the Texas coast about 30 nmi
southwest of CGalveston at 0700 GMT on August 18. The minimum pressure at the time
of landfall was 962 mb. Maximum sustained winds of 78 kn were reported by a
Coast Guard Cutter near Galveston. Alicia maintained its hurricane intensity for
the 6 hours after making landfall. Maximum winds of 77 kn were reported at 1050
and 1524 GMT at Pearland, Texas, and 70 kn at 1300 GMT at Baytown, Texas. After
passing the southwestern suburbs of Houston, Texas, Alicia weakened rapidly and
moved northwestward over Texas and then northward over western Oklahoma.

A2 .5 Detailed Meteorological Analysis

A primary focus of this study was to analyze in detail hurricane parameters

‘used in storm-surge models in order to develop a statistical climatology. For

this purpose, we analyzed raw observational data. The intent of these analyses
was to develop. specific values of the hurricane's central pressute, radius of
maximum winds, direction and speed of forward motiom, and location of its center
at varlous time intervals. Particular attention was focused on the period just
before and after the hurricane made landfall since this is the time interval most
critical for storm—surge computation. .

A2 W51 Storm Track. Generally, the analyses of meteorological data are
weighted toward synoptic-scale motion. The hurricane track, thus obtained, 1is
the best estimate of the large—scale motion and not necessarily the most precise
location of the eye at discrete time intervals. Track differences of a few
miles, insignificant in determining the large-scale motion, can be significant
for replicating high water on the open coast and inside bays and estuaries 1In
surge—model computations.

"Figure A.l shows the final track determined for Hurricane Alicia from 0000 CST
(0600 GMT) on August 16 through 1200 CST (1800 GMT) August 18 together with
locations of meteorological stations used in this report. Execept for Baytown,
the stations are either NWS offices or military installations reporting regularly
to the NWS. The positions of the storm center are shown at 6-hour intervals.
The central pressure (mb) and the radius of maximum winds (mmi) are plotted to
the left of 12-hour positions. Direction of storm motion at landfall was
determined from figures such as this.

Any final determination of the track and speed of forward motion of a
hurricane, especially over data-sparse regions, has inherent uncertainties. The
track that was finally chosen was based on subjective analysis of all available
information. Figure A.2 is an example of the information used in our analysis.
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Figure A.l.—Hurricane track for Alicia, 0000 CST Aungust 16 through 1200 CST
August 18, 19383.

Hurricame eye positions based on radar observations reported from Galvestoaq,
Texas, and Lake Charles, Louisiana, are shown as solid dots. Alrcrafr
reconnaissance penetration fixes are shown by triangles. Locations of the
hurricane's center determined from satellite observations are given Dbv
dismonds. The data from radar fixes and aircraft penetrations wers the primary
sources used in determining the track and speed of the hurricane over the open
ocean. However, information obtained from satellite observations and from ships
and o0il rigs operating in the area was considered in determining the final track
and speed of motiona

A2 .5.2 TForward Speed. The translation speed of the hurricane is an important
factor in determination of the surge along the open c¢oast and in bays and
estuaries. Hourly positions were the basic data used to determine the [forward
speed. Speeds between successive hours from positions along the besf track were
first determined and plotted on a time scale and smoothed. Then smooth curves

drawn from thesé data were used to adjust the hourly locations. The new
locations were examined with regard to the observed data and, if necessary, some
further adjustments were made. This process was continued in an iterative

fashion until the best combination between smoath forward speeds and 'observ'e'd, aye
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sositions was obtained. This process helped to obtain the best possible astimate
of forward speed and hourly locations.

A2 .3.3 Central Pressure. The most important meteoroalogical input to storm-
surze models 1is the intensity of the hurricane which can be parameterized in
terms of its central pressure. Minimum pressures observed at stations and during
reconnaissance aircraft penetrations are presentad in Figurs A3, These
observations were not all obtained at the same time. Sinee the track of the aye
did not ecross any land station location, none of the values reportad at land
stations are equal to the minimum central pressurs in the storm.

Fizure A.4% shows our analysis of pressure data from land stations and aircrafe
reconnaissance flights used to obtain a time history of Al__:'.cia's central
pressures A smooth curve was fit to the data by eye. Alicia deepened gradually
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at an average rate of 1 mb per hour starting from 1200 QT on August 16 until it
reached a minimum value almost 2 hours after landfall. A reconnaissance aircraft
recorded the minimum pressure of 962 mb at 0842 MT on August 18 (fig. A.4). We
consider this pressure to be the lowest that occurred in Hurricane Alicia. The
short time 1intervals between central pressures obtained by aircraft, combined
with other information (eited in sec. A.2.2), did not indicate any lower pressure
at intermediate times.

As Alicia continued its north-northwesterly course overland, 1its intensity
weakened only gradually over the next several hours. Alicia's central pressure
reached its minimum and staved nearly unchanged for another 2 to 3 hours after
the hurricane center crossed the coast. Hurricane central pressure usually rises
rapidly after the storm center moves over land. The c¢entral pressure of
Camille (1969), which was a small and intense hurricane, rose at a rate of about
10 mb per hour £for about 5 hours after 1ts center crossed the Mississippi
coast. TFor Alicia, the lowest sea-level pressure recorded at Alvin, Texas, was
967 mb and at Pearland, Texas, it was %72 mb. Alicia weakened rapidly socon after
it passed the southwestern suburb of Houston, Texas. Its central opressure
roge to 980 mb as its center passed near Spring, Texas, just 14 nmi west by north
of Houston Intercontinental Airport (sea-level pressure at Spring reached 982 mb
at 0952 CST or 1552 MT =~ see fig. A.d)}.

A2 .5.4 Wind Analysis.. In addition to the minimum pressure reported at stations
during hurricane passage, surface winds were recorded at several weather stations
operated - by the NWS and the military services. The Hurricane Landfall Program
executed by the HRD of the AOML, NOAA, recorded radar data and collected post-
storm surface meteorological data from numerous NWS and private sources
{Powell et al. 1984), This data collection was made available to us for this
study. We analvzed the windfield for Alicia in two wavse We first examined the
wind observations of land stations. VWNext, we did composite streamline analyses
of the windfields gt wvarious intervals near the time of landfall, This wind
analysis was used to aid in rhe determination of the radius of maximum winds. Tt
also provided some guidance in determining the best track. '

Fizur= A.5 shows the time variation of windspeed and sea-level pressure
recorded at Houston Intercontinental Airport, Texas. The figure shows that the
maximum wind of 51 kn occurred some 3 hours before the minimum pressure was
reached at about 1450 GMT on August 18. The maximum wind was observed when the
hurricane center was about 28 nmi (51.8 km) south of the station. TFigure A.6
shows similar curves for pressure and windspeed recorded at the EXXON office in
Baytown, Texas. A maximum wind of 70 kn was observed at 1300 GMT when the storm
center was 31 nmi (57.4 km) to the west,

Since surface data were too limited and scattered to analvze the winds when the
hurricane was located some distance off the coast, all reconnaissance aircraft
observations within intervals of several hours were combined and plotted. This
technique, called composite analysis, makes use of the hurricane center as the
basis of the coordinate system. The position of each observation taken in aerial
reconnagissance was measured in terms of azimuth angle and radial distance
relative to the hurricane center at the time of observation. Each wind
observation was then transposed to the relative location with respect to the
hurricane center at map time. TFigure A.7 shows a composite analysls based on the
flight-level wind observations taken from 2040 GMT on the 17th through 0040 GMT
on the 18ch. The transposed observations are shown in this chart. The figure
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shows an isotach (iselines of constant windspeed} analysis of flight-level’
{1,300 m or 5,000 ft) winds. The isolines are labeled in kn. The . analvsis i3

assumed to apply to rthe center time (2240 GMT) of the composite period. Maximum

winds of about 85 “n were observed in the front semi=-circle at about 15 nml (7;.3
¥m) from the storm center.

Powell et al, (1984} constructed composite maps . using mean surface and flight~'
level wind data, adjusted to the [0-m level. The observations were nlotted 2zt
transposed locations, relgtive to the wind center of the storm, as determined
from aircraft reconnaissance fixes, surface winds, sea-level. pressures. and radsr
data. Figure A.8 shows the streamline and isotach analysis. of a composite m=ap
from Powell et al., near the time of landfall (0730 GMT). The analysis assumed
that the storm structure and intensity had not changed during the period of
composite, 0400-1100 GMT on August 18. At this time, A4licia exhibited a3 doubla
eve structure. The maximum winds observed during this period in the storm
(39 m/sec or 78 kn) were found in the outer radius by a Coast Guard cutter near
Galveston, Texas. The extreme winds near the inner core (evewall) weres slightly
lass than those of the outer maximum which was about 30 ami (35.56 km) from the
storm center. inalysis of flight-level winds for the same periocd (diagram not
shown) revealed maximum flight—level winds of 90-i100 kn occurring at about 30 nmi
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Figure A.5.——Same as Figure A.5 for Baytcwm, Texas.
{5%.86 km) tc the rtight cf the storm centar. This agrees very well with surface
wind gbservaticns. A secondary wind maximum (80-33 %n), nearar the eye at
flight=-level, was located in the right tear quadrant of the storm.

A2 5.5 Radius of Maximum Winds. A common measure of hurricane size is the

- distance between the storm center and the band of highest winds. The determina—

tion of the radius of the maximum winds was made on the basis of all available
data for this storm. Three different types of obsarvations were used. The Ffirsec
included maximum flight-level winds and estimated surface winds as reported by
rz2connaissance aircraft. The second was the radar-estimatad eye wall diameter,
as well as data on the size of the eve as reported by reconnaissance aircraft and
by surfaece stations. Some wvisual reports were used when the reconnaissance
aircraft wer2 1In the eye of the storm. The third wmeasure, ugseful only after the
hurricane was near shore, was the astimated radius deduced from wind records at
land stationse. In Alicia, we relied heavily on the first and the third measures
tg determine the R value.

Figurs A.9 ghows flight=lavel winds rzcorded at the B50-mb level between

13532-1433 GMT on aAugust 17, The winds were recorded at l-secound intervals by

raconnalssance aircraft of NOAA's Office of Alrcraft Operations and were
procassed -and plotted as a function of radial distance from the hurricane
centar, The winds obtained during a traverse of the eye along a path 34%° o
169° revealed that maximum winds of about 45 m/sec {90 kn) occurred near 30 km
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Figure A.B8.—Streamiine (so0lid lines) and 10-m isotach (dashed 1lines) analysis
for Hurricane Alicia, 0730 GMT Anpgust 18, 1983 (from Powell et al. 1984).

(16 nmi) from the storm's center. Similar radial wind profiles constructed from
winds recorded in each traverse of the hurticane eve were plotted by computaer and
made available to us by the HRD/ACOML, NOAA. Examining a series of wind profiles,
we obtained estimates of R at various times. Further analysis of composite
charts of flight-level winds, previously discussed, orovided additicnal insight
into the time history of R in Alieia.

Figure A,10 shows the radial distance of wind maxima, thus obtzined, at various
times between 0600 GMT on August 17 and 0000 GMT on the 19th. Smooth lines drawn
through these data points provided us with curves from which the radius of
maximum winds was determined. Radial distances of maximum winds obtained from
analysis of flight-level winds are shown by solid boxes; those deduced from
surface winds recorded at land stations are given by triangles. The magnitude of
extreme winds recorded at a given time was classified into two catasgories, a
primary and a secondary wind maximum. The primarv wind maximum is denoted by a
golid line, while the secondary wind maximum is indicated by a dashed line. A
shift of the primary wind maximum from a8 radial distance of about 15 omi
{(27.8 &m) to about 30 nmi (35.6 km) from the center seems to have occurred around
0600 GMT on August 18. :
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A2 .6 Discussion

The value of ® ig one of the important factors te be prascribed in a mumerical
nomputation of hurricane surges at the coast as well as in bays and estuaries.
The R value, together with a precisely determined storm ctrack specify the
loecation of maximum winds along the coast. This, in turn, influences the water
level produced by surface wind stress in a storm-surge model. It is important
for surge modelars, as well as users of hurricane surge models, to have precise
meteorological information in order to calibrate or verify a numerical surge
medel., The radius of maximum winds for Alicia shifted from 15 ami {(27.3 km) to
30 mmi (38.5 km) naar the time of landfall. The transformation of storm size for
Alicia zook several hours to complete. The high winds near the ianer core caused
severe damages to downtown Houston, Taxas. However, nigh-water levels in
Galveston Bav (close to 11 ft above MSL at Baytown, Texas) were gZenerated by the
winds within the region of highest winds. After examining all -gvailable data, we
concluded that R for Alicia shifted from 15 nmi (27.8 km) to 30 nmi (53.5 xm)
just before the hurricane made landFall aud that the larger R should be applied
to surge computations for the Galveston Bay area. :

Hurricane . data of recent. vears have shown large variabilities in hurricane
parametars at various stages of a hurricane’'s life cycle. Aftar a hurricane
moves over land, its characteristics often change abruptly, due to larger surface
friction and modifications to the heat and energy supplys. Such changes in the
characteristices of the  thurricame would result in & departure from the
srandardized winad- profile of the storm-surge model. . Hurricane  parameters,
especially +the index R, given 1ia Tables ! through 3 may not be the best values
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Figure A.l10.—Radius of primary (solid 1line) and secondary (dashed line) wind
maxima in Hurricane Alicia, Asgust 17-18, 1983.

for revnlicating observed surges with a standardized wind profile. The variation
in R near landfall might have to be examined on a case-by-case basis beforz a
suitable value can be determined Ffor the calibration of a numerical surge
model. In the calibration process, the computed model winds, in additioa to the
computed high-water level, should be verified using observed data Lo sngure the
sdequacy of the wind model used in the numerical surge computation.

AJ3 Burricane David, September 2-5, 1979

AJ3.1 Introduction

Hurricane David emerged from the central Caribbean on September 2 after
devastating the Dominican Republic and rapidly weakening to tropical storm
strength over the mountains of Hispanola. David was the strongest hurricane to
hit Santo Domingo, Dominican Republic since 1930 (Hebert 1980). Once over water
north of Cuba, David began to reintensify as it moved northwestward and
approached Andros Tsland in the western  Bahamas with winds of 6i-69 kn
{DeAngelis 1979). As the center crossed the 1sland late in the afternoon on
Septembar 2, it appeared to be heading toward the Miami area (fig. A.ll). A turn
to the north-northwest, however, brought the slowly strengthening hurricane about
50 nmi (92 .6 km) east of Miami on Labor Day, September 3. Winds of 50 kn were
reported buffeting Miami Beach by 0800 GMT September 3. David continued moving
north-northwestward and passed within 25 nmi (46.3) of West Palm Beach with a
minimum central »sressure of 973 mb at 14453 GMT September 3. Winds of 30 kn were
axperienced at West Palm Beach shortly before David's nearest approach. At
1730 GMT on September 3, the storm center made landfall just south of
Stuart, Florida, with a central pressure of 968 mb. Winds of 60 kn wera recorded
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Table A.l.—Time, flight pattern, and Flight level of NOAA/RFC missions into
RBurricane David, September 1979

Mission” Time period Pattern Flight level(s)
{GMT) ' (ft)

790902 F 02/0145-00925 . east-west

: race track 5,000
7909021 02/1130-1853 star " wvariable
790602H 02/2002-03/0454 Recon. . variable
790903F 03/0504-1240 star (see fig. A.l2) 5,000
7909031 03/2312-04/0641 along FL coast variable
7909044 ' 04/1723-05/0128 modified star variable

(eye partly onshore)

" _
The missions are designated by an identification code, YYMODAAC where:

YY = year F = NOAA/RFC Cl30B  aircraft 41
MO = month _ AC = aircraft B = NOAA/RFC WP-3D  aircraft 42
DA = day of the month I = NOAA/RFC WP-3D. aircraft 43

at Stuart at 1600 GMT, David remained close to the Florida east coast for the

next 11 bours as it moved north-northwestward over land. By 0600 GMT

September 4, the storm center had moved back over open water north of Cape

Canaveral.  David was the first hurricane to strike the Cape Canaveral area since
1926 (Hebert 1980). Central pressures in David remained steady as it made its

way north toward Georgia. Landfall occurred for a second time in the United

- States at 1822 GMT Sentember 4 north of Brunswick, Georgia, with a minimunm

central pressure of 968 mb. David continued on a northerly track and passed just

west of Savannah, Georgia, at 2346 GMT September 4.

A3 .2 Previous Studies

Hebert (1980) prepared a2 detailed deseription of Hurricane David and included
meteorological data from land stations as far south as the Lesser Antilles, and
as far north as Mt. Washington, New Hampshire. He compiled meteorological data
from regularly reporting stations, as well as various unofficial sources which
were used in the analysis of the variation of central pressure with time (shown
in fig. A.15). The National Hurricane Center published an annual verification and
data tabulation for Atlantic tropical cyclones of 1979 which included Hurricane
David {Hebert and Staff 1980), The compiled data tabulations give David's
center~fix positions obtained by aerial reconnaissance penetrations, satellite
images, and land-based radar.. Central pressures, maximum winds and other data
observed by aerial reconnaissance were also included for Hurricane David.
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DIRECTION OF STORM MOVEMENT
-

Optional 80 NM leg

Figure A.lZ.——Recounaiésauce flight pattern, designated as star pattern, used in
Hurticanes David and Allen (refer to Friedman et al. 1982).

Howell at al. (1982) provided a revort of tide data during che passage of
Hurricane David at Miami Beach, Palm Beach, and Vero Beach, Florida. Storm
surges at Palm Beach and Vero Beach were computed by Howell et al. using a
numerical storm~surge model and compared with observed values.

A3 3 Aircrafr Data .

NOAA research aireraft flew six missions {into Hurricane David during the period
September 2-5. Table A.l summarizes the flight patterns, flight levels and the
~ime periods for which metemorological and fiight data were recorded. The flight
satterns flown in these missions included 3 'star' type (fig. A.l2) and a "Recon'
rvpe. The 'Recon' flight pattern was a deviation from typiesl fligsht patterns.
In this case, the actual pattern completed was designed to optimize both the
datermination of the storm center location and collection of research data. A
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detailed 1inventory of airborne research me teorological data- is -described by
Friedman et al. (1982). This set of NOAA flight data was supplemented by Air
- Force reconnaissance flight data recorded on the morning of September 4.

AJ3.4 Central Pressure

AJd.4s.l P, From Aerial Reconnaissance. Minimum central pressures were recorded
nearly continuously from September 2-4 by NOAA and Air Force reconnaissance air-
craft when Hurricane David was moving over open water. Pressure values were
obtained from Hebert et al. (1980). These pressure values were used in
Figure A.15. When Hurricane David moved over land, recomnaissance aircraft did
not penetrate the eye to obtain a pressure reading because of increased
turbulence over land.

Ad 4.2 P, From Land Station Observations. Once Hurricare David was over land,
station reports of hourly weather observations and barograph traces were used to
determine minimum pressures. 1If the center of the hurricane eye passed directly
over a land station, then the minimum pressure could be readily derermined.
Hurricane David, however, did not pass directly over any land stations, Since
several stations were very close to the track, their minimum pressures were used
to estimate the storm's minimum pressure. Figure A.l3a shows the time wvariation
of minimum pressures recorded at Shuttle Airport, Florida every 3 hours. From
this plot, the lowest pressure observed during the passage of David, 974 mb,
occurred at about 0300 GMT September 4, when the storm's eve was located only
about 5 nmi (9.3 km) to the west of the station. This estimate was plotted in
Figure A.15.  Another example of (hourly) station pressure data: is shownt in
Figure A.13b for Savannah Municipal Airport, Georgia. A minimem pressure of
970 mb was experienced at 2300 GMT September 4 when David was about 7 ami (13 km)
to the west. This estimate was also used in the analysis shown in Figure A.lS5.

AJd.4.3 Pressure Fit at the Coast. Minimum pressures determined at the Florida
and Georgia coasts were not based on any single source. Observed pressures were
extrapolated inward to P using visually-fitted radial pressure profiles based on
equation 1. Figure A.l4a shows a subjectively fit pressure profile curve at the
Florida coast, near the time of landfall, at 2100 GMT September 3. Pressure
observations from several land stations were plotted against distance from storm
center at 2100 GMT. . Then a curve was drawn to Eit the data. Figure A.l4b is
another example of the pressure profile curve except at 1800 (MT September 4, at
the Georgia coast. In both cases, a minimum central pressure of 968 mb was
estimated. TIn the case of the Georgia coast, a NOAA research aircraft measured a
minimum 700 mb height of 2820 m at 1822 GMT September 4. Using a nomogram for
estimating surface pressure in the eye of tropical ecyeclones (Jordan 1957), a3
central pressure of 968 mb was also estimated.

AJ 44 Time Variation of P . Hurricane David was most intense (central
pressure of 924 mb) while stilf located in the Caribbean Sea, south of Puerto
Rico. The analysis for this period was used in Chapter 4. As David emerged from
the central Caribbean Sez, however, central pressures moderated considerably (see
fig. A.1l1). Figure A.15 shows the time variation of central pressure in David
for the period of September 3-5. Minimum pressures recorded by reconnaissance
aircraft and land stations at various times were used to obtain a time history of
David's central pressure. The line drawn is a curve fit to the data by eye.
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Raconnaissance aircraft reported a minimum pressurs of 963 mb at 0051 GMT
September 3 just as David crossed Andros Island, about 120 nmi (222 lm) southeast
of Miami, Florida. A central pressure of 968% mb was recorded by aerial
raconnaissance at 0302 GMT. By 0531 GMT September 3, ancther mission reported a
central pressure of 981 mb. The pressure difference in these 2.5 hours was
15 mb. This large pressure rise seems to be Iincoasistent with the other data as
Figure A.l3 shows and no explanation can be given. Hurricane David appreached
the southeast coast of Florida at a speed of about 10 kn, and a central pressure
of 963 mb was determined at landfall at about 1730 GMT September 3. This value
is the prassure rzcorded in Table 2. As David moved northwestward over land
along the Florida coast (fig. A.ll), central pressures increased very gradually
until the storm exited the coast and moved over water againe. A central pressure
of 973 mb was consistently reported by Air Force reconnaissance aireraft from
1142=-1515 GMT September 4. During this time, David was moving over water north
of Cape Canaveral at about 12 kn. As the hurricane approached the Georgia coast,
pressures dropped st about 2 mb/hr from 1515 GMT until a low pressure of 968 mb
was determined at landfall (see sec. AJd.4.3), about 1822 GMT September 4. David
moved inland at about 10 kn and weakened slowly. Savannah, Georgia experienced a
minimum pressure of 970 mb when the centar of David was only about 7 nmi (13 km)
to the west and 40 ami (74 km) inland.



A3 .5 Radius of Maximum Winds

A3 5.1 R From Aerial Reconnaissance, Figure A.l6a shows a wind profile
constructed from flight-level wind dsta recorded betwean 2308-23536 GMT
September 2. The winds were recorded during a north—-south traverse through the
eye and are plotted against radial distance from the storm center. The figure
indicates that a wind maximum is located to the north of the center at a radial
distance of about 35 km (18.9 mmi). This value was plotted in Figure A.l18 at
2332 GMT September 2. Figure A.16b is another wind profile for Hurricame David
constructed from flight-level winds recorded between 0644-0748 GMT September 3.
At this time, the storm center was located over open water about 68 nmi (126 %m)
east-southeast of Miami, Florida {(see fig. A.ll). Flight-level winds were
recorded during a northeast—southwest traverse through the eye. The wind preofile
‘indicates that maximum winds occurred at a radial distance of about 43 km
-(24 nmi) northeast of center. This value was plotted in Figure A.18 at 0716 GMT
September 3. Figure A.16c shows another wind profile rconstructed from data
recorded between 1750-1841 GMT September 4. At this time, the storm center was
over water north of Cape Canaveral and approaching landfall on the Georgia
‘coasta The winds were recorded during an east—west traverse through David's
aye. Figure A.l6c indicates a maximum wind at a radial distance of about 20 km
(10,8 nmi} west of center. This value is plotted at about 1815 GMT September 4
in Figure A.18. Figures A.l6a through A.l6c suggest the existence of secondary
maxima (indicated by solid dots in fig. A.18) which were relatively short-
lived. Analysis of composite maps (diagrams mnot shown) revealed that these
secondary maxima were scattered and quitée disorganized. They were not considered
Televant in the specification of the parameters that are the focus of this study.

-A3.5.2 R From Land Station Observatioms. Once the storm moved inland, land
'stations were the primary source of data. Data from these stations were obtained -
from the NCDC in Asheville, North Carolina, where all raw data from station
observations are stored.

Figure A.l7a shows a time variation of windspeed and wind direction for Shuttle
Airport, Florida from 1200 GMT September 2, to 0000 GMT September 5. This plot
consists of hourly wind observaticns as Hurricane David passed just west of the
station (0300-0400 GMT September 4). Note the shift Iin wind direction as the
gstorm center passed. Winds wveered from rhe east to east—-socutheast then south
indicating the path of the storm center was to the west of the station. A
maximum wind of about 37-38 kn (1920 m/s) was experienced at Shuttle Airport at
0530 GMT September 4 when the storm center was located approximately 20 nmi
(37 km) away from Shuttle Airport (see hurricane track on TFig. A.ll).
Figure A.l7a also shows the distance of the storm from Shuttle Airport (dashed
line). Using this informatien, a radial distance of 20 ami (37 km) was
determined for the wind maxima and was plotted in Figure A.l8 at 0530 GMT
September 4. Figure A.l7b shows another plot of hourly windspeed and direction

‘against time for Savannah Municipal Airport, Georgia from 0600 GMT September 3 to
1700 MT September 5., The wind direction at Savannah as David's center passed
nearby shifted from the east to east-southeast then south and finally
south-southwest. This indicates that the hurricane passed to the west of the
station (fig. A.l11). A maximum wind of about 37 kn (19 m/s) occurred at Savannah
at 2230 MT September 4. The track in figure A.ll indicates that the hurricane
center was only about 10 nmi (18.5 km) away from Savaanah at 2230 GMT
September 4.
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A3.5.,3 Time Variation of R. Figure A.18 shows the time variation of the radius
of maximum winds in Hurricane David from 0300 GMT September 2 to ahout 0800 (MT
September 5. Radial distances of maximum winds from the storm center measured by
reconnaissance aircraft at various times, and those obtained from analyses of
land-station wind records were used to obtain this time thistory.
Reconnaissance aircrafe reported the majority of maximum winds needed for
R-value analyses, especially before 1200 GMT September 3. The line shown was
drawn to the data by eye.

As Figure A.18 shows, the radius varied from about 17 to about 28 nmi
(31.5-51.9 km) between 2100 GMT September 2 and 1200 GMT September 3. By
1400 GMT September 3, land stations were beginning to experience maximum winds.
West Palm Beach, Florida experienced maximum winds when the hurricane center was
about 18 omi from the stationm. Stuart, Florida recorded msximum winds at about
1600 GMT September 3 or 1.5 hours before the storm center made landfall 1in
Florida. The radius of maximum winds remained steady at 26 nmi (48.1 km) during
landfall. By 2100 GMT September 3, the radius began decreasing again until about
0100 GMT September 4 when a reconnaissance aircraft reported maximum winds at a
radius of 20 nmi (37 km). The radius remained steady once again at 20 nmi
(37 kxm) as the storm moved out over water north of Cape Canaveral (see
fig. ALll), Both Melbourne and Shuttle Airport, Florida, experienced maximum
winds when David was located 20 nmi (37 km) from the station before exiting the
coast. From about 1030 GMT September 4 until landfall in Georgia at 1822 GMT,
the radius of wmaximum winds decreased to 10 nmi (18.5 km), as determined from
maximum winds recorded by a reconnaissance aircraft at about 2000 GMT. This was
the smallest radial distance reported within 150 nmi (278 km) of the east
coast. Hunter AFB and Savannah, Georgia, both recorded maximum winds soon after
the storm center made landfall when David was located 10 mmi {18.5 km) to the
south. Afrer passing Savannah, Georgla, the radius of maximum winds expanded
rapidly. Columbia, South Carclina, experienced maximum winds when the storm was
located at a distance of about 47 nmi (87 km) from the station at 0600 GMT
September 5.

Because of the abrupt change in storm size after making landfall, using an
R value of 10 nmi (18.5 km) in a numerical surge computation could not replicate
surge heights along the coast produced by Hurricane David (Jarvinen 1985, private
communication).  As David mowved parallel to the coast and passed some 40 nmi
(74 km) inland of Charleston, South Carolina, its track and R influenced the
position of the band of strongest winds along the coast. This factor, in turn,
affected the coastal surges and the maximum wind setup effects in Charleston
Harbor. In replicating high water levels experienced in Charleston, either
varying R with time or using a large R value in a numerical surge computation
would be required in order to obtain realistic results.

A.4 Hurricane Allen, August 2-10, 1980
A.b.1 Introduction

Hurricane Allen originated near the Cape Verde Islands, off the west coast of
Africa, and developed into the second most severe Atlantic hurricane in modern
records. It reached tropical storm strength in the early Thours of
" August 2, 1980, and attained hurricane strength that evening (see fig. A.I9).
Tts central pressure dropped to 951 mb by the evening of the 3rd as the eve
passed just north of Barbados and south of St. Lucia. The hurricane continued
westward into the Caribbean at about 20 kn and passed south of Puerto Rico during
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ﬁhe evening of the 4th. Its central pressure deepened and reached 911 mb, the

lowest pressure ever recorded in the eastern Caribbean, on the early morning of
the 5th.

The hurricane weakened as it passed the southwest tip of Haiti and moved
between Jamaica and Cuba. This was the first of three strengthening-weakening
cycles in Allen's 1ife history that are unprecedented in hurricane records.
Allen reintensified rapidly as the circulation moved over the northwestern
Caribbean Sea. Arriving at Yucatan Channel on the 7th, its central pressure
deepened to 899 mb, the lowest pressure ever observed in the western Caribbean

and the second lowest ever recorded for an Atlantic storm. The hurricane
weakened for the second time when it moved past the north coast of the Yucatan
peninsula. Tts central pressure rose rapidly, reaching 961 mb on the morning of

the 8th. As the hurricane continued west-northwestward across the warm open
water of the Gulf of Mexico, Allen deepened once again with a minimum pressure of
909 mb observed during the night of the 8th.

As the, hurricane appreached the Texas coast on the 9th, its intensity weakened
and the forward speed decreased. Allen held to its west-northwesterly course
until mid-day and then turned northwestward. After crossing the southern end of
Padre Island Jjust northeast of Brownsville, Texas, Allen continued in a
northwesterly direetion. By early morning of the 10th, Allen moved inland at a
slightly faster speed  and turned gradually towards the west-northwest. In
addition to the damage from the hurricane winds and storm surge, Hurricane Allen
also spawned at least a dozen tornadoes over Texas.

A.4.,2 Previous Reports

The National Hurricane Center provided a description of significant features of
all Atlantic tropical storms that occurred during 1980, including Hurricane
Allen. This information was published in the Monthly Weather Review {(Lawrence
and Pellissier 1981) amd in the National Summary of Climatic Data {National
Hurricane Center 1980)., Significant features mentioned in regard to Allen were
the minimum central pressure of record, the rapld deepening, and the fluctuations
in intensity during its life cycle. The appearance of a double eye configuration
was noted in a Brownsville radar picture taken when Allen was 100 nmi (185 km)
off the coast.

Willoughby et al. (1982) described secondary wind maxima associated with
concentric eye walls and the evolution of the hurricane vortex in Allen and a few
other bhurricanes. They described the sequence of events as reported near Allen's
inner core by recomnalssance aivcraft on August 5 and 8, 1980, Based on data
collected in Allen and other hurricanes, they concluded that an outer maximum is
frequently observed to constrict about a pre-~existing eye and replace it and the
central pressure tends to decrease during the constriction. They suggest that
the  concentric eye phenomenon is most frequently observed in intense, highly
symmetric systems.

The NHC publication on annual data and verification tabulation for the 1980
Atlantiec tropical cyclones (Taylor and Staff 1981) also includes a 1list of
Allen's center fix positions obtained by aerial reconnaissance penetrations,
satellite images, and land-based radar. The hurricane's central pressure,
maximum winds, and other data observed by reconnaissance aireraft are also
included in that report. :
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Ho and Miller (1983) analyzed available meteorological data for Hurricane Allen
during the period surrounding landfall to provide information for use in dynamic
storm surge models. Detailed analyses were made of the storm track, forward
speed, central pressure, and radius of maximum winds.

Matrks (1985) studied the evolution of the structure of precipitation in
Hurricane Allen. He used reflectivity data from airborne radar systems on board
the three NQAA aircraft to specify the horizontal and vertical precipitation
distributions within 111 km (60 nmi) of the hurricane center. He found that the
most striking changes in structure during the 6-day period were the rapid con-
traction in eyewall radius and the development of a secondary ring of intense
reflectivity 80-100 km {(43-54 nmi) from the storm center. He further stated that
these changes in eye radius appeared to be related to the vortex eveolution, 'as
discussed by Willoughby et al.

A .3 Reconnaissance Flight Data

NOAA/RFC research aircraft flew 12 missions into Allen during the & day period,
from August 53-10. Table A.2 lists the flight patterns, flight -levels and the
time periods for which meteorological and flight data were recorded in each of
the 12 missions. The table 1lists two 3-aircraft missions flown on August 5 and
August 8 and single-aireraft missions on other days. Willoughby et al. (1982)
compared the calculated and observed properties of Hurricane Allen on August 8
for all three different flight levels (500-, 600~, and 850-mb levels).  He
concluded that one can obtain rteliable indications of the evolution of the
symmetric vortex from any lower tropospheric flight level above the boundary
layer. :

As4.4  Central Pressure Analysis

Figure A.21 shows our analysis of the pressure information from reconnaissance
aircraft that was used to obtain a time history of Allen's central pressure.
This figure clearly shows the three strengthening-weakening cycles. Allen
reached a record low pressure (for specific areas) at each of its deepening
stagess A minimum pressure of 899 mb observed at 1742 GMT on August 7 was the
lowest observed in Hurricane Allen. The central pressure was only 7 mb higher
than the record pressure of 8%2mb observed in the Labor Day, 1935 storm that
struck the Florida Keys. The low pressure of 909 mb, observed at 0558 GMT on
August 9, was considered to be the lowest that occurred in Hurricane Allen as it
approached the coaste. ‘The short time interval between central pressures ohtained
by aircraft, combined with other information, did not indicate any lower pressure
at intermediate times. As Allen continued its course west-northwestward,
approaching  the Texas coast, 1its intensity weakened. While the hurricane's
central pressure rose steadily, the characteristics of its Inmer core appeared to
have undergone dramatic changes, as discussed in the next section.

A.4,5 Wind Analysis

Flight-level winds on each traverse were plotted by computer and made available
to us by the Hurricane Research Division of NOAA/AOML. The aircraft locations
for observation of flight-level winds were translated to positions rslative to
the storm center. -From these records, composite maps of winds at given intervals
were constructed. © .. Another source of information came from Air -~ Force
reconnaissance aircraft that flew into the hurricane. - '
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Table AJZ.——Tiﬁe, flight pattern, and flight level of-ﬁOAAJRF¢ ﬁissions into
Burricane Allen, Aungust 1980

Mission Time period Pattern(s) Flight level(s)
{GMT) ) (fe)
800805F 05/1028-1742 . figg. A.20a, A.20h 10,000 -
800805H 05/1021-1933 fige AJ20a variable
‘ ' fige AJ20Ob variable
8008051  05/1015-1932 fig. A.20a, A.20b 1,500, 5,000
800806H  06/1239-1910 Fig. A.12 1,500, 10,000 (last half)
8008061 06/1825-07/0631 fig. A20a (modified) 5,0004
800807H 07/1601-08/0017 fig. A.20a (modified) variable
800808F 08/1620-09/0059 Cross 12,000
800808H 08/1631-09/0107 cross 18,000, 20,000
8408081 08/1617-09/0110 cross | 5,000
8008091 09/1625=10/0210 Cross 10,000
800809H  09/2324-10/0947 along coast  variable
800810F - 10/1006~1630 25 nmi off coast 700~ and 850-mb levels

*
The missions are designated by an identification conde, YYMODAAC where:

YY = year F = NOAA/RFC Cl30B aircraft 41
M0 = month . AC = aireraft H = NOAA/RFC WP-3D aircraft 42
DA = day of the month I = MOAA/RFC WP=3D aircraft 43

Figure A.22 is an example of flight-level windspeeds plotted against radial
distances from the storm center. The wind data were recorded in a 312° te 132°
traverse through the eve between 1535 and 1627 GMT on August 5. The maximum
winds can be located at radial distances of 15 and 19 nmi (27.8 and 35.2 km). A
secondary maximum appeared near radial distances of 50-60 nmi (82 .6-111 km) at
the rear quadrant of the storm. At this time, Allen's central pressure had risen
to 937 mb, after having reached a2 minimum of 911 mb at 0000 GMT on the 5th
(fige A.25). Figure A.23 is another example of flight-level windspeed plotted
against radial distances from the storm center. This plot shows wind data
observed between 1844 and 1945 GMT on August 7. The maximum winds recorded
during this north to south traverse through the storm center were located at
radial distances of 5 and 10 omi (9.3 and 18.5 km). The maximum winds decreased
rather rapidly with increasing distance away from the center. Allen, at this
time, was a small and extremely intense hurricane, having reached its minimum
préssure of 899 mb less than 2 hours earlier (see fig. A.21)}. Figure A24 is an
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DIRECTION OF S'EORM MOVEMENT

DIRECTION OF SS'OHH MOVEMENT

(b)

Figure A20.-—Reconnaissance flight patterns used in Burricane Allen (refer to
Friedman et al. 1982). '
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Figure AJdl.-~Cantral pressure {sea level) for Hurricane Allen, {a3) Augmust
3-7, and (b) August 7-10, 1980.

example of flight-level windspeed plotted at translated positions relative to the
storm center. The wind data were observed between (200 and 0400 GMT on August 9
during the third deepening cycle within Allen's life spane The wind distribution
indicates that maximum winds occurred at radial distances of 11 nmi (2C.4 %m) and
about 54 nmi (100 km) from the center. Similar distributions of flight~level
winds can be identified in composite maps of other time periods (diagrams noct
shown) as 4Allen aporoached the Texas coast. The evolution of the wind
distribution in Allen during this period, shifting from a small gize hurricane to
one with R of about 40 ami (74 km), was described by Ho and Miller (1983).
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A.4.6 Time Variation of Centrszl Pressure and Radius of Maximum Winds

Figure A.25 shows the time history of central opressure for Allen (from
fig. A.21) together with radial distances of observed maximum winds recorded ac
each traverse of the hurricane center. Analysis of these radial distances
vielded the wvariation with time of the radius of maximum windse. Generally
speaking, Allen was a small hurricane except for the period when it approached
the Texas coast and moved over land. Prior to this period (9 hr before laadFall)
the time variation of maximum winds indicated that the radial distances of wind
‘maxima increassed to 20-25 nmi (37-46.3 km) during Allen's two weskening stages.
However, radial distances of wind maxima staved within 4 to 15 nmi (7.4~27.8 um)
of the center when Allen's central pressure dropped below 930 mb in each of the
three deepening stages. The fact that Allen's minimum pressure in sach of the
three deepening cycles occurred some distance from land, does not exclude tha
possibility that a hurricane could attain its maximum intensity {or minimum
central pressure) at or near the time of landfall., Hurricane Camille {1969) is
an example of a hurricane which maintained its intensity of about 905 mb for some

36 hours before it crossed the Mississippi coast.

A.4.7 Relation of P, and R in Hurricane Allen

‘Filgurs A.26 is a plot of central pressure versus radial distance of maximum
winds recorded by aircraft reconnaissance during the period Auvgust 3 through

August 9. Data points used in the plot included those instances when hoth wind
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winds for Burricane Allen, August 3-9, 1980.

and pressure data were recorded in a traverse of the hurricane centsr. Some of
the data points (with no concurrent observations of P_ and R) shown in previous
diagrams were not included in this plot. During the period of observation
(August 3-9), Allen traveled from the Caribbean through the Yucatan Chamnel into
the Gulf of Mexico. It covered a distance of about 2,000 omi (3704 km) from
latitude 14°N through 27°N, FExcept for a few instances of large R observed in
the weakening stages, Allen's maximum winds staved within 15 ami (27.8 km) of the
center. Allen was essentially characterized by small R's before it reached the
Taxas copast. However, the R values in 4llen, as well as in other intense
Atlantic hurricanes, tend to be small and a non-linear relation may exist between
Po and R, : o
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APPENDIX B
Statistical Hetho&s for Tests of Homogeneity and Independence
B.l Introduction

The statistical methods wused 1in this report to test the homogeneity of
hurricane parameters and interrelations between them are discussed in this
appendix. The methods used to test for homogeneity ineclude cluster analysis,
discriminant analvsis, principal component analysis, and the Mann-Whitney test;
those for the test of independence include the Spearman test and contingency
table analysis using the Chi-square test.

For these methods, this appendix describes assumptions, and where appropriate,
the null hypotheses, the confidence levels, and decision rules. We also briefly
discuss the rationale for choosing a method, its limitatioms, aund the guidelines
for interpreting the test results.

B.2 Methods for the Test of Homogeneity

Among the methods for the test of homogeneity, cluster analysis, discriminant
analysis and principal component analysis each consider several parameters,
whereas rhe Mann-Whitney test is based on only a single parameter.

B« sl Cluster Amalysis

"Ba2.lal Description of the Method. In cluster analysis, objects are assigned to
groups or clusters suggested by the data sample, not by any grouping defined a
priori. 1In this study, a hurricane was considered an object for the purpose of
statistical analysis. That is, all parameters associated with a given storm were
used to characterize the hurticane. There are many clustering methods (e.g., SAS
1982); we chose the centroid method for this study.

The actual computation was performed using the CLUSTER procedure in the SAS*
- system. The procedure computes the Euclidean distances . between .obhjects and
assigns those objects that are close to each other to the same cluster. In this
study, the Euclidean distance was computed using coordinates represented by Po’
R, 8, T, my ¢ and As In the centroid method, the distance between two clusters

is defined as the Euclidean distance between their centroids (vector means).

The procedure provided a cluster hierarchy from level one to level N, where N
is the number of objects in the data sample. In this study, N is the number of
hurricanes; if any hurricane parameter was missing, that hurricane was oumitted.
In the cluster hierarchy, there is onlvy one cluster at level one and there are N
clusters at level N. The cluster at level one contains all the objects in the
data sample, and every cluster at level N contains only one object. As shown in
Figure BR.1, every cluster at a given level is completely contained in a cluster
at the preceding level. For  example, a cluster at level four may contain

Mention of a ﬁafticular _commercial produet should not be considered an
endorsement by the federal government.
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Figure B.l.——Levels two through nine of the hierarchical clusters of landfalling
hurricanes, based on parameters P R, 8, T, m, ¢ and A. The circled mmbers
are the cluster identification mm%ers.
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exactly the same ohjects of one cluster at level five (cluster 2 in fig. 3.1), or
it may contain exactly the same objects of two clusters at level five (cluster 1
at level 4, and clusters | and & at level 5 in fige. Bel). The user must
determine the most appropriate number of clusters. When the number of clusters
is chosen, the parent cluster of each object (hurricane) can be identified using
the TREE procedure of the SAS system.

BZ.1.2 Ratiomale for Choice. Some clustering methods recuirs that the sample
data be normally distributed. The hurricane data sample has large natural
variability, 'and the normality of our data could not be reliably tested. We
chose to use the S5AS CLUSTER procedure since it. did not reaquire that the data
sample be normal.
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B22.1.3 Limitations of the Method. Wo satisfactory method has been developed to
determine the appropriate number of clusters. This is dependent on the data
sample and nature of the phenomena being considered.

B2 .1.4 TInterpretation of the Results. Conclusions drawn from cluster analysis

are dependent on the selection of the number of clusters and must be interpreted

cautiously. Scatter diagrams of the original parameters were helpful for the
determination of the optimum number of c¢lusters, Other methods, both
nonstatistical and statistical, were also considered to help interpret the
results of cluster analysis. In this study, we relied heavily on meteorological
Jjudgment; in addition we used discriminant analysis and principal component
analysis to help evaluate the results of the cluster analysis.

B2.2 ‘Discriminant Analysis

B2.2.1 Description of the Method. Discriminant analysis wuses one
classification variable and several continuous quantitative variables to assign
each object to a class corresponding to a value of the eclassification variable
using the information contained in the continuous variables. In this study,
hurricanes were the objects to be classified, the cluster identification number
obtained from the cluster analysis was the c¢lassification variable, and
hurricane parameters were the continuous variables.

There are several types of discriminant analysis, some are based on the
assumption that each class can be considered normally distributed while others
use non—-parametric methods and do not reduire the assumption. of normality. In
this study, we used the "k-nearest-neighbor™ discriminant analysis, where %k was
chosen to be seven, equal to the number of parameters (P R, 8, T, m, ¢ and A)
used in the analysis. :

0,

Considering each hurricane as an object represented by a vector of seven
components (PO, R, B, T, m, ¢ and A}, the method computes the distance hetween
two objects based on the total-sample covariance matrix (Mabhalanobis distance),
and, for each object, it saves the distances of the seven. nearest objects
(because k = 7). Based on these distances, it computes the probability that an
object would fall into the class with the selected nucleug object. If the
probability exceeds a specified threshold, the associated object is classified
intoe that classe. The actual computation was performed using the NEIGHROR
procedure . of the SAS systems More details of the method are given in the SAS
User's Guide (SAS 1982). '

B2 .2.2 Rationale for Choice. The k—-nearest-neighbor approach was non-—
parametric and did not require the assumption of normality. It allowed us to
evaluate the results of the cluster analysis and to determine a number of
clusters that could be characterized as homogeneous for testing the independence
of the various hurricane parameters.

B.2.2.3 Limitations of the Method. The variables, except for the classification
variable, must be continuous, so that the computation of distances can bhe
performed. The classification variable can be either categorical or numerical,
but there ecan only be one classification wvariable. It is recommended that the
clasgification variable be limited to a finite numbér of values, so that the
classes can be kept tota manageable number.
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B2 .2.4 Interpretation of the Results. The discriminant analysis gives the
classification of each object and probabilities of its membership in all the
classes In which it could have bheen placed. By comparing the class that the
object was placed in and the class assigned a priori, misclassified objects can
be identified. The probability of membership in a particular class can be used
to judge whether the classification of the object was appropriate. The threshold
probability for the classification 1is wuser specified. In this study, the
threshold probability was not assigned and objects were classified intc the
class which was associated with the largest membership probability.

B.2.3 Principal Component Analysis

B3l Description of the Method. Given N numerical characteristics that
describe a set of objects, the principal component analysis procedure computes N
principal components; each principal component is a linear combination of the
original characteristics (variables). The coefficients of this linear
combination are the elements of an eigenvector of the correlation or covariance
matrix .of the original variables. The eigenvectors are normalized to have unit

length (unit norm). The eigenvalues are the wvariances of the associated
principal components. The first principal component has the largest eigenvalue
and the N-th principal component has the smallest. The eigenvectors are

orthonormal, i.e., they represent perpendicular directions in the space of
original characteristic wvariables. In this study, the original characteristic
variables were ?,, R, 8, T, m, ¢ and A therefore, there were seven pringipal
components.

The computatlon of the principal components of the hurricane parameters was
performed using the PRINCOMP procedure of the S5AS system. The procedure gives
the percentage and cumulative percentage of all eigenvalues ordered from the
largest to the smallest, i.e., from the first prinecipal component to the seventh
prinecipal componerit. These percentages show the relative amount of variance
accounted for by the principal components. The procedure also gives eigenvectors
whose elements are interpreted as the loadings on the original variables; the
loadings explain the relative importance of the hurricane parameters in each
principal component.

B2 W32 Rationale for Choice. Afrer investigating the results of cluster
analysis and discriminant analysis, we decided to examine the importance of
various parameters in the grouping of hurricanes. The loadings provided with the
principal component analysis allowed us to evaluate the weight of individual
parametfers. By plotting ome principal component versus another and using the
cluster identification number of each hurricane for the plotting symbol, we could
examine the clustering patterns of the hurricanes. Using such a plot, we could
deduce which parameter{s) had most control on the clustering.

B2 .3.3 Limitations of the Method. Principal component analysis required that
all seven parameters P, , R, 6, T, m, ¢ and A be available for each hurricane.
Storms with missing values had to be exc:luded from the analysis.

B2 .3.4 Interpretation of the Results. As explained above, the results of the
principal component analysis can be used to explain the relative importance of
the original variables for the grouping of hurricanes. . By investigating the
percentage of variance accounted for by each principal component, .we were able to
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select the more important principal components. Then, by examining the
eigenvectors asscociated with these prinecipal components, we found the original
variables that were most important in defining these principal components.
Although the results of the principal component analysis can be used to explain
some linear relations between the hurricane parameters, interpretaticn of these
relations was not always clear. Sometimes scatter diagrams of the original
variables were used for additional guidance in understanding the results.

B2 .4 Mann-Whitney Test

B Wbl Description of the Method. The Mann—Whitney test is a rank test
{(non-parametric). In this study, we divided the hurricanes into several a priori
groupings based on location along the coast. For each test, we selected two
groups of hurricanes: one group had N Thurricanes and the other had M
hurricanes. Assuming that each group was a random sample drawn from its
respective population and two groups were mutually independent, we performed the
Mann—-Whitney test on each of the hurricane parameters'Po, R and T.

The test was performed in the following manner: We first combined the group of
N hurricanes (group 1) with the group of M hurricanes (group 2). To test whether
parameter P_, for example, has the same distribution function in groups 1 and 2,
we first arranged the P_ in the mixed sample from the smallest to the largest
value and assigned rank values from 1 to N+M to these P, values. For tied values
of P an averaged rank wvalue was assigned to each of them as shown 1n the
follow1ng example {note rank 6.5 for P = 961.7).

Example*:

PO ‘ Rank Group Origin
943.0 1 2
947 .2 : 2 2
955.3 : 3 2
95647 4 1
959.0 5 2
961.7 6.5 2
961.7 Ba5 1
966.5 : 8 1
975.0 9 1
979.0 : 16 2

1

981.0 : 11

Then, the sums of ranks (S5) were computed separately for groups 1 and 2. 1In the
example, §; = 38.5 and 8y = 2745 The corresponding test statistics of the
Mann—-Whitney test were computed using the formulae: :

d
This example is for illustratlon only, not to he confused with any actual
grouping 'in this study.
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- g - L =g - 41
Wy =8 -5 N+ 1), Wy =8, = >M M+ 1)

respectively for groups 1 and 2. In the example, N = 5 and M = 6, thus Wy =23.5
and WZ = 6-5-

For given sample sizes N and M, percentiles of the Mann—Whitney test statistic
can be computed (see Conover, 1971, table 8). We used a two-tailed test at .
5-percent significance level and the null hypothesis that P, had the same
distribution function in both groups of hurricanes. For M =5 and M = 6 in the
example, the 0.025-th percentile was 4 and the 0.975-th percentile was 26.
Comparing the test statistics Wy and W, with these percentiles, we found that W
and W, were within the range between 4 and 26 (respectively, 0.025-th and
0.975~th percentiles), and we accepted the null hypothesis for the above example.

The test was repeated for R and T for every selected pair of groups of
hurricanes in this study. For more details of the Mann-Whitney test, see
Conover {1971),

B2 b2 Rationale for Choice. The limited sample size 'and large natural
variagbility of our hurricane data sample prevented us from reliably estimating
the distribution functions of hurricane parameters for formal hypothesis
testing. Since the Mann—Whitney test 1is a non-parametric test, it does not
require a priori assumptions about the distribution function of the data sample
and is suitable for our hurricane data.

B2.4.3 Limitations of the Method. -The basic assumption for the Mann-Whitney
test is that both groups are drawn as random samples. For the reasons discussed
in Section 3.2.1.2, we did not consider it appropriate to use direction of
landfalling thurricanes as a random variable, and this parameter was excluded
from the Mann-Whitney test. Another assumption of the Mani-Whitney test is that
two samples must be mtually independent. There was no evidence that our
hurricane data samples for the selected coastal segments : vioclated rhis
assumption.

B.2 .4 .4 Interpretation of the Results. The Mann-Whitney test examines the

_similar'ity of two distributions of rankings, but not the distributions of the

actual- values of the hurricane parameters. For this reason, the results must bhe
interpreted with caution, and any conclusions drawn from the test results must
recognize that the distributions of rankings may not fully correspond to the
distributions of the actual wvalues.

B.3 Methods for the Test of Independence
To test independence among hurricane parameters, we used two mnethods: the
Spearman test and contingency tables with the Chi-square test. The Spearman test

is a rank test while the contingency tables with the Chi-sguare test is for
categorical data.
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B.3.1 Spearman Test

B«delsel Description of the Methode As an example, consider the Spearman test
for P, and R for a group of hurtricanes. P_ was ranked from the smallest to the
largest value and rank numbetrs were assigned to each value; for tied values of
P , an average vrank value was assigned to each of them as was done in the
Mann—-Whitney test (see sec. B.2.4.l1). For the same group of hurricanes, R's were
also ranked and assigned a rank number. Then the Spearman correlation was
computed using the following formula: :

6w
p=1-—B
N (‘N2—1)
N -
. 5
where W = [r(P_ ) - r(R,)] .
121 1 '

The parameter N is the sample size of the group of hurricanes, and r is the rank
value of parameters P, or R. Spearman's correlation can be used as a test
statistic. Given the sample size, N, and the probability of a percentile, this
percentile can be computed. . : : :

There are three ways to test the Spearman correlation.. The null hypothesis for
all three tests is rhat P, and R are mutually independent, that 1is, the
correlation coefficient is not significantly different from zero. The alternate
hypothesis for the first test is that P, and R are positively correlated, for the
second, that P and R are negatively correlated, and for the third, that P_ and R
are correlated (either positively or negatively). In this studv, when the
probability associated with a specific estimate of P was greater than
95th percentile, we rejected the null hypothesis of the first test, when p was
less than 5th percentile, we. rejected the null hypothesis of the second test, and
when P was either less than 2.5 percent or greater than 97.3 percent, we rejected
the null  hypothesis of the third test. The significance level for all the tests
was 5 percent. For more details, see Conover {1971).

BJela2 Rationale for Choice. We chose Spearman test for the hurricane
parameters because it offered the possibility of detecting the nature of
interrelations, 1f they existed. ‘ '

BJ3.1.3 Limitations of the Method. As with many non-parametric tests, weak
relations between two parameters may not be detected.

Beadelod Interpretation of the Results. The Spearman test detects the
correlation of ranks of random wvariables instead of the actual values of the
variables. The interpretation of these correlations should be limited to the
correlations of ranks only; independence between ranks of random variables may
imply independence of the random variables.
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B3 .2 Contingency Table with Chi-square Test

BJ3.2.1 Description of the Method. The contingency table with a Chi-sguare test
was used at the 0.05 level and is described in detail in Section 4.2 of this
report., Additional details may be found in Conover (1971).

B.3.2.2 Rationale for Choice. There was no requirement that the sample meet
conditions other than it be a random sample of sufficient size. This made it
suitable for use with our data sample,

B«3.2.3 Limitations of the Methods The contingency table with the Chi-square

test was designed for categorical data samples, thus, we had to choose specific
values 'to partition the parameters into categories to establish the cell
frequencies in the contingency table. There cannot be more than 20 percent of
cells which have expected frequency less than 5 in each of them. This limitation
is to emsure that the Chi-square approximation is valid for the test,

BJ3.2.4 Interpretation of the Results. The results of this test were sensitive
to the values selected to partition the data into categories. A small change of
the dividing value sometimes caused the result to change from not significant to
significant, or vice versa. Therefore, we had to be careful in interpreting the
results using this approach.

APFENDIX C
Plotting Position Formula
C.l Introduction

A plotting position formula was used to determine the location along the
abscissa of rtanked data in the cumulative frequency curves Ffor the hurricane
parameters. A plotting position formula was selected for this purpose from eight
existing formulae based upon five evaluation criteria.

Existing plotting position formulae are listed in Table C.l. The symbols used
in the formulae are explained in the note underneath the table. In each line,
the name of the formula is given in the left column, and the year in which the
formula was introduced is given in the right column. This table does not include
all existing formulae. The Beard (1943) formula is not included because it only
applies to m= 1, and the Samsioe formula (see Reinius 1949, ». 51) is not
included because its computation involves solving a HN-th power equation and ir is
not easy to use. For convenience of computation, only easy—to-use formulae were
considered.

C.2 Criteria for Evaluation

The plotting position formula listed in Table C.l were evaluated according to
the criteria listed below.

l. The plotting position must be such that all the observed data can
be plotted on probability paver.




Table C.l.—List of plotting position formulae

Name Formula* _ | Year
- m
California P =5 1923
‘ _ 2m-1
Hazen Pm i 1930
Weibull P =i 1939
m N+1
— m_0.3 '
Chegodayev Pm = 0 1955
. _m3/8
Blom Pm _N+_177;_ - 1958
_ 3m~1
Tukey ,Pm = IR .1962
) _ m=0.44
Gringorten Pm Rl e 1963
.. _ m=0.37 ‘
Reinius Pm = TWMD.26 1982
) .
Pm = probability;
N = total number of items;
m = rank of an item
™ _.<_. N.'
2. ' The plotting position should lie between the observed frequencies
(m=1)/N and a/N. (For the explanation of m and N, see the footnote
of Table C.l1.)
3. The return period of a value equal to, or larger than, the largest
observed value should converge towards N.
4, The observed values should be equally spaced on the frequency
scale.
5. The plotting position should have an intuitive meaning, be

analytically simple, and be easy Lo use.
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Table C.2.~List of-plotting position formulae in the descending order of their
P, 'Se (See table C.l for the meanings of symbols.)

m=1 ' m=N

California California
Weibull Hazen
Chegodayev Gringorten
Tukey Blom
Reinius Reinius
Blom Tukey
Gringorten Chegodayev
Hazen Weibull

C.3 Evaluation of Plotting Position Formulae

All formulae in Table C.l wmeet criteria 4 and 5. All except the Califoraia
formula meet criteria ! and 2. Only the California and Weibull formulae meet
criterion 3. The most important problem with the California formula is that it
gives Py = 100 percent for m= N, and this p_ can not be plotted on a probability
paper. The most important advantage of Weibull formula is that the return period
for m =1 converges towards N as N——eow. Among formulae listed in Table C.l,
only the Weibull formula meets all the eriteria listed above. Thus, the Weibull
formula was the choice used in this study.

C.4 Comparison of Formulae

To reveal more about the characteristics of the various formulae, we compared
them for the special cases: m=1, m=N, and N ===, TFor m= 1 and W, the
names of formulae are listed in Table C.2 in the descending order of their values
of Pye The order of names for m= N is exactly the reverse of that for m = 1,
except for California formula. For N ==, the values of P computed using all
the formulae in Table C.l approach m/N.

Since the sample size of hurricane climatological data is usually small, we
choose N = 10 for an example to compare values of p_ of the formulae in
Table C.l. These values are plotted in Figure C.l. The Weibull formula gave the
largest p, for m = 1 and the smallest P for m = N. Except for the California
formula, the 1largest difference in P between different formulae was less than
3 percent. For m = 1, the pm-of the Weibull formula is approximately two times
that of the Hazen formula. For m = N, the p_ of the Weibull formula is close to
that of the Hazen formula: approximately 91 percent compared to 95 percent.
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RANKING BY STATE OF
TROPICAL CYCLONES 1900-1992

These figures rank the hurricane prone states based on tropical
cyclones of tropical storm (TS) or greater intensity passing within

75 NM of a state’s borders.

been calculated.

TROPICAL CYCLONES TS STATE

STATE OR GREATER INTENSITY RANKING

MRF >CAT2
Florida (2) 113 (1.2) 1 - (1)
Texas (3) 68 (1.4) 2 - (2)
Louisiana (8) 59 {1.6) 3 - (3)
North Carolina (14) 56 (1.7) 4 - (4)
Georgia (16) 46  (2.0) 5 - (13)
South Carolina {(13) 40 (2.3) 6 - (8)
Mississippi (17) 35 (2.7) 7 - (5}
Alabama (15) 34 (2.7) 8 - (6)
New York (1) 25 (3.7) g - (7}
Massachusetts (5) 25 (3.7) 10 - (11)
Virginia (9) 23 (4.0) 11 - (12)
Connecticut (7) 22 {4.2) 12 - (9)
Rhode Island (10) 22 (4.2) 13 - (10}
Maryland (6) 22 (4.2) 14 - (14)
New Jersey (4) 20 (4.7) 15 - (15)
Delaware (11) 20 {4.7) 16 - (16}
Maine (12) 17 (7.2) 17 - (17)
New Hampshire (18} 18 (7.8) 18 - (18)

Mean Return Frequencies (MRF) have also

HURRICANES
> CAT 2
MRF

23 (4.0)
15 (6.2)
12 (7.8f—mﬂ
9 (10.3)
0

4 (23.3)
6 (15.5)
5 (18.6)
5 {18.6)
2 (46.5)
1 (93.0)
3 (31.0)
3 (31.0)
0

0

0

0

0
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Column 1 - Name of coastal state and population rank among

coastal states.

Column 2 - Number of tropical cyclones and their approximate

mean return fregquency.

Column 3 - Ranking of hurricane prone coastal states based on

number of tropical cyclones TS or greater passing
within 75 km of the state border. Additional
ranking listed describes state’s rank with respect
to category 2 or greater landfalling hurricanes.

Column 4 - Number of category 2 or greater landfalling

hurricanes and their approximate mean return
freguency.

San Juan, PR. - based on 104 vears of data 1886-1989. Mean
Return Frequency (MRF) £for tropical cyclones or hurricanes
passing within 75 NM.

MRF for any category hurricane - 6.5 years.
MRF for category 3 and higher - 25 vears.
MRF for any tropical cyclone - 2.4 vyears.

St. Croix, VI. - based on 106 years of data 1886-1992. Mean
Return Frequency (MRF) for tropical cyclones or hurricanes
passing within 75 NM. '

MRF for any category hurricane - 4.8 vyears.
MRF for category 3 and higher - 17 vears.
MRF for any tropical cyclone - 2.0 years.

Guam - based upon the period of record, the last 46 years it
can be reasonably estimated that at least one tropical cyclone
passes within 75 NM of Guam each year.

Hawaiian Islands - based upon analysis of the period of
record, 1949-1992, the MRF for tropical cyclones passing
within 75 NM of the Hawaiian Islands is 7.1 years.

-
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NOAA SCIENTIFIC AND TECHNICAL PUBLICATIONS

The National Oceanic and Atmospheric Administration was established as part of the Department of

Commerce on October 3, 1970. The inission responsibilities of NOAA are to assess the socioeconomic impact-

of natural and technological changes in the envirenment and to monitor and predict the state of the solid
Earth, the oceans and their living resources, the atmaosphere, and the space environment of the Earth.

The major components of NOAA regularly produce various types of scientific and technical informa-

tion in the following kinds of publications:

PROFESSIONAL PAPERS—Important defini-
tive research results, major techniques, and special
investigations.

CONTRACT AND GRANT REPORTS—Reports
prepared by contractors or grantees under NOAA
sponsorship.

ATLAS—Presentation of analyzed data generally
in the form of maps showing distribution of rain-
fall. chemical and physical conditions of oceans and
atmosphere, distribution of fishes and marine

mammals, ionospheric eonditions, ete.

TECHNICAL SERVICE PUBLICATIONS—Re-
ports containing data, observations, instructions,
ete. A partial listing includes data serialg; predic-
tion and outlook periodicals; technical manuals,
training papers, planning reports, and information
serials; and miscellaneous technical publications.

TECHNICAL REPORTS—Journal quality with
extensive details, mathematical developments, or
data listings. o

TECHNICAL MEMORANDUMS--Reports of
preliminary, partial, or negative rgseérch or tech-
nology results, interim instructions, and the like.




